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Abstract
Glas kann mit Zeit entglasen. Der Einbau von Aktiniden fuhrt aufgrund von deren
Alphazerfall im MeV -Bereich im Laufe von mehreren 106 Jahren Endlagerung zu einer
zusatzlichen Ausdehnung und Umwandlung von Atommull-Glaskokillen. Auβerdem ist
die maximale mogliche Menge der Aktiniden, die in einem Glas enthalten sein kann,
ungefahr 5%. Das Ziel dieser Dissertation ist die Entwicklung einer Keramik fur die
Immobilisierung von radioaktiven Abfallen.
Yttrium stabilisierte Zirkoniumkeramiken (ZrY )Ox sind ein vielversprechendes Mate-
rial als Matrix sowohl fur nuklearen Brennstoff als auch fur radioaktiven Abfall. Grund
hierfur ist ihre hohe Aufnahmefahigkeit von Aktiniden, ihre hohe chemische Stabilitat
sowie ihre auβergewohnlich hohe Strahlungsstabilitat uber eine betrachtliche Temper-
aturspanne. Kubische Materialien expandieren isotrop unter unterschiedlichen Belastun-
gen wenn sie durch Strahlung geschadigt werden. Dieses fuhrt zu weniger Mikrorissen
des Materials im Endlager. Auβerdem konnen Zirkoniumkeramiken Mischkristalle mit
Aktiniden bilden. Um stabile Mischkristalle mit kubischer Symmetrie zu erhalten, wurde
in dieser Arbeit Yttriumoxid als Stabilisator für die Zirkoniumkeramiken eingesetzt. Zur
Simulierung der radioaktiven Abfalle wurde Ceroxid und Neodymoxid gewahlt.
Fur die Synthese der Pulver wurde eine einfache Herstellungsmethode gewahlt. Die
kubische Yttrium-stabilisierte Zirkonium-Matrix mit unterschiedlichen Cer- (0 − 25Gew
.%) und Neodym- (0−100 Gew.%) Gehalt wurde mit der Coprezipitations-Methode syn-
thetisiert. Eine schonende Attritionsmethode wurde verwendet um die Pulver bei 110oC
zu trocknen oder um sie bei 600oC zu kalzinieren. Um eine hohe aktive Oberflache zu
erhalten, wurden die Pulver unter Azeton oder Propanol gemahlen. Fur die Charakter-
isierung der Pulver wurden folgende Methoden angewendet: optische Mikroskopie und
Granulometrie zur Bestimmung der Partikelgroβe und -verteilung, XRD zur Bestim-
mung von strukturellen Eigenschaften, TG/DSC zum Nachweis von Phasenubergangen
und BET -Analyse zur Bestimmung der spezifischen Oberflache der Pulver. Nach diesen
grundlegenden Untersuchungen der Pulver wurden Tabletten mit unterschiedlichem Cer-
und Neodym-Gehalt mit einem isostatischem Druck von 229MPa − 1019MPa gepresst.
Diese wurden dann bei einer Temperatur von 1600oC gesintert. Vor den Tests zur chemis-
chen Bestandigkeit wurden unterschiedliche physikalische und mechanische Eigenschaften
der Cer- und Neodym-Keramik-Pellets bestimmt.
Die chemische Bestandigkeit der Endprodukte wurde mit statischen und dynamischen
Auslaugungstests (entsprechend MCC − 1 und MCC − 5) mit unterschiedlichen Lau-
gungsreagenzien bei relevanten pH-Werten untersucht. Der Einfluss der unterschiedlichen
Herstellungsprozesse auf das Auslaugungsverhalten der Produkte wurde untersucht und
bewertet. Die Resultate dieser chemischen Stabilitatstests zeigten, dass unterschiedliche
Strukturen einen Einfluss auf die Stabilitat der keramischen Materialien haben.
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Abstract
Glass can undergo devitrification with time and the incorporation of actinides with
their α-decay inMeV -range due to compacted α-recoiled irradiation over 106 years storage
leads to expansion and phase transformation of nuclear waste glasses. Moreover, the
maximum tolerable amount of actinides that can be incorporated in glass is approximately
5%. The development of ceramics adapted for nuclear-waste immobilization is the focus
of this dissertation.
The yttria-stabilized zirconia ceramic (ZrY )Ox is a promising candidate material for
both inert matrix fuel and waste form due to its high solubility of actinides, high chemi-
cal durability and exceptionally high stability under irradiation over a vast temperature
range. Cubic materials swell isotropically when damaged by radiation under different
strains. This leads to less microcracking in a repository. They are also capable of form-
ing isomorphous solid solutions with actinides. In order to obtain fully stabilized solid
solution with cubic symmetry, yttria oxide was chosen as a stabilizer for zirconia ceramics
and ceria oxide and neodymia oxide were chosen as stimulant wastes in the current study.
A simple fabrication method was chosen for the synthesis of powders. The cubic
yttria-stabilized zirconia matrix with different ceria contents (0-25 wt %) and neodymia
(0-100 wt %) contents was synthesized using the co-precipitation method. The mild
attrition method was used to dry powders at 110oC or calcine powders at 600oC. Both
acetone and propanol milling solvent media were used to get active fine powders for
neodymia ceramics. Then, the different characterizations of powders were performed
using the following methods: agglomerate size and distributions of powder by optical
microscopy and granulometry, properties of the powder and its structural appearance
by XRD, phase transition and structural formation of the powder with a temperature
gradient by TG/DSC, surface area and crystalline size of the powder by BET .
After these initial investigations into the characteristics of the powders, pellets with dif-
ferent ceria and neodymia contents, were compacted using isostatic pressure of 229MPa−
1019MPa. Then, they were sintered at a temperature of 1, 600oC. Some physical and
mechanical properties of ceria ceramic and neodymia ceramic pellets were investigated
before chemical durability tests, were carried out.
The chemical durability of the final products was subsequently investigated using static
and dynamic leaching tests, according to MCC−1 and MCC−5 with different leachants
at interesting pHs. The influence of the different fabrication processes on the leachability
of fabricated products was investigated and evaluated. The results from these chemical
durability tests were then used to determine the effect that different structures have a
stability of the ceramic materials.
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1 Introduction
1.1 Role of nuclear energy
Nuclear energy provides a significant contribution to the overall energy supply worldwide.
With 145 operating reactors, producing an overall power out put of 25 GWe, the resulting
energy generation of 850 TWh per year provides 35 % of the total electrical energy in the
European Union. Used fuel discharged from nuclear power plants constitutes the majority
of nuclear waste in countries that do not undertake reprocessing.
Fresh nuclear fuel essentially consists of uranium dioxides and heat generated from
the fission of uranium atoms in the reactor. In addition to fission products, generation
of plutonium and minor actinides result. During the reactor operation, fission products
build up to such a level and reduce the mechanical integrity of the fuel. At this stage,
spent fuel has to be removed from the reactors and be replaced by new fresh fuel. Most
of the initial radioactivity in spent fuel is caused by fission products and other short-life
radionuclides generated by the activation of metallic cladding material.
1.2 Current management of nuclear spent fuel cycles
1.2.1 Actinides, fission products and radiotoxicity
Spent nuclear fuel consist of 96 % uranium, 1 % plutonium and 3 % fission products FPs
and "minor actinides" (MAs) [1]. Each year 70 Mt to 80 Mt of new plutonium is left
in spent nuclear fuel (SNF ) globally [1]. In addition to plutonium and uranium, "minor
actinides", 237Np (with a half-life 2.1 million years), 241Am (with a half-life of 433 years)
+ 234Am and 244Cm (with a half-live of 18.1 years) and fission products (FPs) such as
99Tc (with a half-life of 213000 years), 129I (with a half-life of 1.57 × 107 years), 137Cs
(with a half-life of 30 years), 90Sr (with a half-life of 29.1 years ) are generated in reactors.
During 50 years of nuclear energy production, approximately 1,100 metric tons of plu-
tonium and substantial quantities of minor actinides, such as Np,Am,Cm generated in
nuclear fuel cycle. Additionally, 300 Mt are held in weapons programs. Commercially
generated spent nuclear fuel accounts for 200 Mt of plutonium. This plutonium is distin-
guished for fabrication in a mixed-oxide fuel (Pu and U) mainly in UK and France. Over
900 Mt remain in spent fuel which is stored in 236 nuclear power plants in 36 different
countries. Reactor-grade plutonium (60 % 239Pu) could potentially be used for the de-
veloping of nuclear weapons and nuclear devices can be made with less than 10kg 239Pu.
The disarmment process will produce more weapons-grade plutonium, as well as hundred
of tons of highly enriched uranium (HEU) which will be burnt in commercial reactors.
The current global production rates of 137Np, 241Am + 234Am, and 244Cm, are 3.4 , 2.7
and 0.35 Mt per year respectively. These nuclides are important potential contributors
to the calculated exposure limits for humans over the long periods envisaged for their
geological disposal.
As Figure 1 [2] illustrates, it is evident that the radiotoxicity potential is dominated
by the elements, americium (241Am, 243Am) and plutonium (239Pu, 240Pu, 242Pu). After
approximately 1,000 years, the primary Am isotopes have mostly decayed while the Pu
isotopes dominate. These will be substituted after 200.000 years by neptunium. The
relatively long-lived fission products, 99Tc and 129I, have a radiotoxicity potential of one
7
order of magnitude below Np. The range of radiotoxicity levels that will be accepted
by the public and by politicians is currently being discussed. The results will influence
research concerning the necessity and degree of separation.
The release of actinides from spent fuel or other actinide-bearing solids is a critical
aspect of the evaluation of the long-term performance of geologic repositories. The long-
lived radiotoxicity potential introduced into a repository is basically determined by the
losses of the actinides U + Pu during reprocessing, if there is no direct disposal.
 
1E+03
1E+04
1E+05
1E+06
1E+07
1E+08
1E+09
1E+10
10 100 1.000 10.000 100.000 1.000.000 10.000.000
Zeit / Jahre
G
e
fä
h
rd
u
n
g
s
p
o
te
n
ti
a
l 
/ 
 S
v
/G
W
a
 e
l
U-Kette
Np-Kette
Pu-Kette
Am-Kette
Cm-Kette
Actiniden
DWR-U-Zyklus
35 GWd/t SM
Strukturmaterial
Spaltprodukte
Tc-99
I-129
PWR U-Fuel 
35 d/t H  
Actini s 
Fissionproducts 
Cm-chain 
-chain 
Am-chain 
Pu-chain 
Np-chain 
struct ral aterials 
To
x
ic
ity
 p
ot
en
tia
l i
n 
Sv
 / 
G
W
a
Time / years
Figure 1: Time-dependent toxicity potential (ingestion) of decay chains by elements of
PWR spent fuel [2]
1.2.2 Partitioning-transmutation for actinides
The successful management of actinides has an important impact on the development
strategy for advanced nuclear fuel cycles, weapons proliferation, and geologic disposal
of high-level radioactive wastes. The minor actinides, although present in relatively low
concentrations if disposed, are hazardous to life forms when released into the environment.
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As a results, the current strategy consists of the separation of long-lived actinides, and
the fission products from the biosphere. This avoids possible long-term harmful effects.
Their disposal requires isolation from the biosphere in stable, deep geological formations
for long periods of time (some hundred thousand years) until their radioactivity decreases
naturally through the process of radioactive decay.
Today, it is difficult to accept nuclear waste disposal because the processes of separat-
ing this waste from the biosphere in order to avoid possible harmful effects is a lengthy
one that structures into the future, implicating generations yet to come. To address this
problem, scientists are looking for ways of significantly reducing both the volume and ra-
diotoxicity of the waste by shortening the lengthy times required for the separate disposal
of this waste.
This is the aim of the partitioning and transmutation (P&T) activities worldwide.
Various international concepts on how these minor actinides could be separated from the
waste (partitioning) and converted into shorter lived less harmful nuclides (transmutation)
are being investigated. If it were possible to separate these minor actinides completely
from spent fuel and use nuclear reactors, or another facility to convert them into stable, or
shorter-lived nuclides, the disposal and management of wastes would greatly facilitated,
and public acceptance of nuclear energy could thus be raised.
Partitioning refers to aqueous or pyro-processing methods, which are used to separate
(partition) the various components of used fuel: uranium, plutonium, minor actinides, and
volume fission products. Today, the current technology used to reprocess spent fuel that
has been removed from a reactor, is based on the aqueous PUREX process, in which the
spent fuel is dissolved in nitric acid. Using an organic solvent, plutonium and uranium are
recovered and used for fresh fuel fabrication. Thereafter, the aqueous raffinate, containing
minor actinides and fission products, is vitrified for disposal. The extraction technique
can also be extended to the extraction of neptunium. However, americium and curium
cannot be directly separated in this process.
The recovery of neptunium can be achieved effectively using a modified PUREX
process: by adjusting the oxidation state to (V I), Np is extracted with U and Pu and
can be separated from the heavy metal stream, either as single Np element fraction, or co-
extracted with uranium, or routed towards the plutonium stream. Some long-lived fission
products such as 129I and 99Tc could also be separated within an improved PUREX
process.
The long-term radiotoxicity level can only be reduced by approximately one order
of magnitude by the separation of U and Pu using the current reprocessing technique
(Figure.2). If U and Pu are separated at a higher level and if Np, Cm and Am are ad-
ditionally separated from the high-level liquid waste(HLLW ), the radiotoxicity potential
level of HLLW will be lowered by about four orders of magnitude after approximately
1,000 years to the level of fresh nuclear fuel. This can be seen in Figure.2 [2].
The success of P&T depends on the partitioning quantity of U and Pu (so far 99.8 %)
as well as on an additional effective partitioning of Np, Am and Cm from the high-level
radioactive waste (HLLW ).
However, An/Ln fractions arise in all of the above-mentioned processes and further
partitioning causes considerable problems. The present oxidation state of Am and Cm in
nuclear fuel dissolution liquors is (III). The oxidation state of lanthanide fission products,
which represent about one third of the total mass of the fission product inventory in the
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Figure 2: Influence of direct disposal, reprocessing and P&T on the time dependent toxicity
potential and the comparison with introduced fresh fuel [3]
spent fuel, is also (III). Thus, the major problem here is the separation of An(III) from
Ln(III). This separation is difficult because of the following:
• both series of elements (5f and 4f) have very similar chemical properties,
• the mass ratio R = Ln/An is high (R ∼ 20 for 47.5GWd/tHM burn-up uranium
oxide fuels),
• this separation needs to be operated from an An/Ln acidic feed (> 0.1mol/L nitric
acid) in order to minimize the occurrence of precipitate formation.
From the above overview, it can be concluded that additional partitioning operations
are needed to separate Np,Am and Cm from spent fuel. The Np separation process could
be included in current reprocessing plants if some modifications were made the separation
flow sheet of REDOX reactions. Therefore, special off-line separation techniques are
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Figure 3: Flow chart for advanced nuclear spent fuel cycles waste management
necessary for the separation of Am and Cm and possibly Cs and Sr from liquid (HLW ).
The flowchart (Fig.3) gives an overview of the advanced reprocessing of spent fuel using
hydrochemical processes.
The effectiveness of these processes is technically feasible. However, optimization
would be required for an industrial-scale operation. On the other hand, dry processing in
contrast to "wet" or aqueous processing may offer an alternative solution which should
avoid problems encountered with aqueous processes. In dry processing, the actinides are
separated by electrochemical and pyro-chemical means into molten salts. A key advantage
of such processes is that higher levels of radiation can be tolerated.
A further consequence of this process is that a method of reprocessing in which spent
fuel has been cooled for a short period of time, becomes feasible. In addition, pyro-
processing promises compactness, simplicity, and low costs [1].
The partitioning of minor actinides (MAs) currently works best with the advanced
reprocessing of high-level liquid wastes (HLLW ) resulting from the PUREX extraction
of spent nuclear fuel in one-cycle or two-cycle processes. Group separation of lanthanides
(Ln), together with MA, is followed by MA separation from the Ln fraction. This
separation is necessary because of the high neutron capture cross-section of lanthanides.
As of yet, there has been no extractant that can selectively separate An(III) directly
from high-level liquid waste (HLLW ). The advanced aqueous processes TRUEX in
USA, DIDPA in France, TRPO in Japan, DIAMEX in France etc are being developed
for the separation of trivalent actinides from the PUREX waste steam.
Two alternatives can be used to separate Ans from the other elements present in
HLLW . The first is based on co-extraction of (MAs), An and Ln by one-cycle processes,
such as TALSPEAK and SETFICS. In these processes, it is possible to separate ac-
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tinides from lanthanides by selective stripping with complexants such as DTPA; however,
further separation of Am from Cm and chemical purification requires additional separa-
tion steps [2].
The concept of a two-cycle separation process requiring two different solvents is also
promising forAn separation. First, An(III) and Ln(III) are coextracted (e.g. DIAMEX)
and separated from the remaining 2/3 of the fission products. Then, An(III) is separated
from Ln(III) by selective extraction, for example aromatic dithiophosphinic acids, devel-
oped recently in Juelich [4, 5], or bistriazinylpyridines (BTPs) developed in Karlsruhe,
which seem to show very promising first results [6]. The advantages of these processes are
a high purity of the An product and a reduced volume of secondary waste.
1.3 Disposal or transmutation
1.3.1 Transmutation stragety
Transmutation refers to the conversion of a nuclide into one or several other nuclides in
a nuclear reactor as a result of neutron-induced fission or capture. This transmutation
involves the inclusion of the separated nuclides in a form that is compatible with the
irradiation device used [7].
The main international partitioning and transmutation P&T concepts proposed for
recycling generatedMAs are a fast reactor FNRs and Double Strata Fuel Cycles [8, 9, 10].
In fuel cycles, the first stratum is based on a conventional fuel cycle and consists of
standard low water reactor LWRs and FNRs (fuel fabrication and reprocessing plants).
Recovered plutonium is also recycled in this first stratum as a mixed-oxide fuel in thermal
and fast reactors.
The remaining plutonium, MAs and long-lived fission products are partitioned from
the waste and enter the second stratum, where they are transmuted in a dedicated ac-
celerator driven system (ADS). In the second stratum, Pu, MAs and long-lived fission
products (LLFPs), which are devoted primarily to waste reduction, are turned into fuels
and targets for transmutation in dedicated (ADSs).
The use of dry reprocessing in this stratum allows for multiple reprocessing of the fuel.
A key advantage of this is that higher levels of radiation can be tolerated in the molten
salts, which allows for the reprocessing of spent fuel which has been cooled for periods
as short as one month. In the "Energy Amplifier" concept proposed by CERN [11], the
objective is to burn actinides and fission products within the thorium fuel cycle. The
advantage of using thorium lies in the fact that less transuranium elements (mainly less
plutonium) are produced.
In the Minimum Scheme [11], waste from an LWR is processed and some of the
separated plutonium is recycled into the thermal reactor. The remaining plutonium, MAs
and FPs together with thorium are used to fabricate fuel for the ADS waste burner. In
U.S.A [11, 12], P&T is foreseen for treatment of spent fuel arising from a once-through
fuel cycle. Hence, rather than being an integral part of the fuel management scheme, the
spent fuel is processed (using a UREX process) to initially separate the uranium. Stable
and short lived FPs are disposed of as low level waste. The remaining Pu,MAs, and FPs
are then sent to ADS or ATW (accelerator transmutation of waste) for transmutation.
By keeping the long-lived radiotoxic isotopes contained within the fuel cycle, they can be
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transformed by neutron induced fission and/or capture, into less toxic or stable nuclides
faster than by decay in a geological repository. This is especially true for the most toxic
alpha-emitters.
In general, fast neutrons are more efficient than thermal neutrons, because the latter
favour neutron capture processes, which lead to the formation of higher actinides. For
example, if Pu was exclusively recycled in LWRs, one third would not fission and hence
be transmuted into minor actinides. However, an intermediate solution is the Double
Strata Concept, where Pu is recycled in LWR and minor actinides, MAs (Np, Am, Cm)
and fission products, such as 99Tc, are transmuted in an accelerator-driven fast reactor
[1]. The fast reactor burner, when fuelled solely with minor actinides, possibly in an inert
matrix, must have a sub-critical core driven by neutrons from a spallation source. To
obtain a sufficiently strong spallation reaction in lead or lead-bismuth targets, one needs
accelerated protons of energy of approximately 1GeV . The need to operate a fast reactor
in a sub-critical mode with such an accelerator driven system arises from the insufficient
Doppler and void coefficients of minor actinides-fuelled fast reactors.
1.3.2 Transmutation technology
Reactor or accelerator driven system
Transmutation can be done in LWRs, in fast reactors (FRs) and in ADSs. Both of
these options provide a homogeneous, as well as a heterogeneous, mode of introducing
MAs into the system. They also allow for potential use of on-line pyrochemical processes.
ADS differ from the reactors system by their potential of surplus neutron availability,
providing higher transmutation capability for low-level fission products (LLFPs), and
their potential of higher reactivity losses per cycle and thus higher transmutation rates
achievable without hampering core safety characteristics [1, 13, 14, 7, 8, 9, 10, 11, 12].
The calculated studies for an efficient transmutation of MAs are dependant on the
different ways of utilizing Pu in LWR and in FR, for example on scenarios of Pu recycling.
The transmutation of MAs was studied and different possibilities compared [1, 7, 13, 14]:
• first, a dilution in LWR-fuel was used;
• second, the use of Am and Cm in a 'once-through' irradiation in FR ;
• third, the multirecycling of the minor actinides in an FR.
Other schemes are also possible, but majority rely on previous basic schemes. When
using the dilution (homogeneous or heterogeneous) scheme and following a multirecycling
strategy of the (Pu + MA)-fuel in LWRs, it can be concluded that all mass flow rates
in the fuel cycle must be increased, in particular Cm masses generated are three times
higher. However, the fabrication of the required targets (homogeneous or heterogeneous)
is not feasible in current fuel fabrication facilities and dedicated facilities, favouring the
heterogeneous recycling mode, should be investigated.
Another possible approach is long-term storage and delay in (Am+Cm)-target fabrica-
tion using Cm decay to Pu, which facilitates fabrication in automated cells in particular.
The use of specific MA burners, called dedicated reactors [1, 7, 8, 9, 10, 11, 12, 13, 14]
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with important MA loads (ideally 100% of the reactor fuel) would allow the reduction of
specific fuel-cycle operations (fabrication, handling, storage and reprocessing) and limit
safety countermeasures to a small fraction of the reactor fleet with respect to the homoge-
neous option. Those dedicated burner reactors must take account of the core characteris-
tics by increasing the MA fraction, e.g. smaller Doppler and void reactivity coefficients.
Therefore, the use of small cores, which increases the leakage effects and the use of 'cold'
fuel, such as nitride fuel, are main axes if one considers the use of solid-fuel type burner
reactors. Based on the lower reactivity losses and as such possible longer fuel residence
times in combination with multirecycling, this scheme could well increase the transmuta-
tion potential. It was found that the mixed hybrid MA-FP loading method (where Np
nuclide is dispersed uniformly in the core and target assemblies containing Am,Cm, rare
earth nuclides and FP are loaded into the radial shield region of a fast reactor) have a
great potential to achieve effective transmutation of both MA and FP without serious
drawbacks in terms of core performance by JNC [15, 16, 17].
Metal-fuel Fast Neutron Reactors (FRs) show suitable performances for the consump-
tion of MAs, and their pyro-reprocessing is quite compatible with the recycling of MAs
[1, 7, 13, 14]. In FRs, the MA content in the feed is minimized in order to keep the core
safety parameters acceptable and facilitate a simple casting fuel fabrication method. The
results of the studies show that Pu and MAs from LWRs can be consistently consumed
without further accumulation by establishing the same scale of FR power generation as
its fuel cycle. The above evaluations of dedicated FRs for MA transmutation have in-
dicated that contradictory trends have to be combined. The transmutation of LLFPs
in those reactors, placed in the blanket region, further reduces the degree of freedom in
the design of such dedicated FRs. The use of an external neutron source, e.g. the use
of spallation neutrons, relaxes this degree of freedom in some respect and is a valuable
means for alternating these contradictory trends. Research on ADS is currently being
conducted worldwide and mainly focuses on system design studies.
In the past few years, a number of proposals for ADS applications have been presented.
These varied from an energy amplifier with lumped Th/233U fuel and fast spectrum with
lead coolant to fission product and actinide transmuters with fast, thermal spectra. The
main argument in favour of these ADS concepts is improved safety compared to critical re-
actor systems. However, this argument is merely of secondary nature. The ADS concepts
are usually specifically designed for transmutation purposes as dedicated transmuters to
be deployed in the P&T cycle of the double-strata fuel cycle [1, 7, 8, 9, 10, 11, 12, 13].
Most of the present design studies focus on three categories: sodium-cooled solid fuel fast
reactor technology, liquid metal-cooled options favouring harder neutron spectra and a
reduction in the effects of positive void reactivity coefficients and technological limits,
and finally, concepts relying on molten salt technologies. The molten salt option has been
investigated by different countries, including the Czech Republic [1, 7].
The molten fluoride salt fuel material is in the form of a fluoride salt, Ac-Fluoride,
dissolved in a molten salt carrier, whose composition is a mixture of 7LiF and 9BeF2.
A very important and distinctive part in all ADS-designs is accelerator reliability. Ac-
celerator requirements for the [1, 7, 13, 14] are new to accelerator physicists. Not only
the beam energy and intensity are rather high-end, but the reliability of the beam, espe-
cially reduction of the troubling beam trips, are key issues for future developments. A
reduction with a minimum factor of 100 in those beam trips must be obtained. Material
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and technological problems related to the beam window are very important issues for the
future.
Using Pu instead of 233U as fissile material in an ADS, e.g. as a burner of multirecycled
Pu with high contents of 240Pu and 242Pu results in a more complicated burn-up behaviour
where a strong increase of reactivity with burn-up is observed. These results indicate
problems with subcriticality during burn-up in such a Th/Pu system [1, 7], which may
lead to a need for active control devices in this ADS, e.g. control rod systems.
The transmutation of MA is coupled with a proper use of Pu. Since the Pu is an
energy carrier, its recycling in an FR with U allows the use of almost all of the initial U
and increases the energetic gain of U inventories by several decades. Using Pu instead
of 233U as fissile material in an ADS, e.g. as a burner of multi-recycled Pu with high
contents of 240Pu and 242Pu, results in a more complicated burn-up behaviour where a
strong increase of reactivity with burn-up is observed. These results indicate problems
with subcriticality during burn-up in a Th/Pu system [1, 7], and which may lead to a
need for active control devices such as control rod systems in ADS.
The main arguments in favour of ADS rely on neutron economy and fuel flexibility. A
comparison [1, 7, 8, 9, 10, 11, 13, 14] of similar ADS and critical reactor system designs
shows an improvement of the safety characteristics of ADS, as a result of lower fissile 7
enrichments. However, it is not clear if recriticality can be avoided in all circumstances
in a fast spectrum ADS if core damaging accidents happen. In relation to the kinetic
behaviour of ADS compared to critical reactor systems, a transient over power without
scram or a source shutdown accident results in a power jump that is six times faster and
50 % higher in critical systems than in an ADS. ADS gives a much slower response to
any type of feedback over the reactivity. However, in case of loss of flow, the ADS shows
a less favourable behaviour pattern because the resulting reactivity variations are smaller
in comparison with the subcriticality.
P&T can conceptually reduce the long-term radiotoxicity but it will require the devel-
opment, construction and operation of new fuel cycle plants (fabrication and reprocessing)
and new dedicated reactors (FRs and/or ADS devices), and it will amplify the special-
ized intermediate storage plants. However, geologic disposal structures for high active
wastes remain inevitable. P&T will address the comparative assessment of ADSs and
FRs and will focus on the added value in future advanced fuel cycles for instance the
"double-strata" fuel cycle [1, 7, 8, 9, 10, 11, 12, 13, 14]. It will address the requirements,
feasibility and reliability of those ADSs as new transmutation devices and will focus on
the need for development, lead time for introduction in the fuel cycle and a cost/benefit
evaluation in comparison with FRs.
Technology for fuels and target materials
In general, transmutation studies involve a multitude of aspects (e.g. target fabrica-
tion and irradiation tests, reactor physics and nuclear data, safety studies for the target
material) which developed research work is going on worldwide to address the target fab-
rication. At present, research on fuels and targets for transmutation actinides is focussed
mainly on three types of materials: oxides, nitrides and metals. These materials all have
advantages and disadvantages, depending on the fuel cycle strategy (e.g. type of reactor,
reprocessing method) that is envisaged.
15
The transmutation of Am in existing LWRs has been the primary focus of R&D
[1, 7, 8, 9, 10, 11, 12, 13, 14]. Different processes can be used for the fabrication of
such Am targets: powder mixing process, sol-gel method or others for the infiltration of
inactive pellets by an active solution with regard to the fabrication of highly radioactive
solid or liquid materials (like Am, Cm or LLFPs), however dust production and the
consequent radiation exposure of personnel along with the minimization of secondary
waste production could limit the applicability of these mechanical processes. Research on
targets for the transmutation of long-lived fission products has concentrated on technetium
(Tc) in ITU [1].
One of these alternative fabrication routes could be developed using a novel technique
for non-nuclear ceramics and for the isolation of radioactive wastes. It consists of the
dissolution of the active material and its infiltration into a porous (non-active) medium.
An example is the infiltration of radioactive materials (INRAM) in ITU to produce two
fuel pins [1, 7, 13, 14]. Such an infiltration process drastically reduces the number of
production steps involved in the handling of highly radioactive materials. The infiltration
process relies on the action of capillary forces to draw the solution into the pores of the
host material.
During fabrication development, it was found that alternative fabrication routes for
zirconia (ZrO2)-based ceramics and Thoria (ThO2)-based ceramics etc should be inves-
tigated [92]. These products are intended as the target for transmutation or solid oxide
fuel cells and as matrices for the immobilization of actinides in the ceramics for long-term
disposal in different studies.
Fuel materials
The fabrication of oxide fuels for MA transmutation is often based on existing UO2
and mixed oxide (U, Pu)O2 fuel technology, which comprises powder blending, compacting
into pellets and high-temperature sintering. This technology, used commercially for LWR
fuels (< 10 w/o Pu), and FNR fuels (up to 30 w/o Pu), has been tested for fuels with
high Pu content (up to 45 w/o Pu), for dedicated fuels for the incineration of plutonium
in fast neutron reactors. In principle, the minor actinides can be mixed into MOX -fuel.
If existing facilities for MOX fabrication are used, the level of exposure of the workers
would significantly increase as a result of increased gamma and neutron radiation.
Nitride fuel is a promising candidate for the transmutation of MAs due to its excellent
thermal and neutronic properties [1, 7, 13, 14]. According to a database of the properties of
nitride solid solutions in the UN−NpN−PuN system, including its thermal conductivity
and evaporation behaviour, the MOX fabrication of Pu-bearing fuels was well developed.
JAERI developed a new concept, "LINEX", where actinide elements in spent nitride
fuel are selectively dissolved as chlorides into the molten salt by electrolysis or oxidation.
The actinide nitrides are synthesized from the chlorides by adding Li3N , which is formed
by the reaction of Li with 15N2 gas, released at the dissolution step of the spent nitride
fuel. Experimental results show that 95% of the nitrogen could be recovered (difficult in
the PUREX process), which reduces the required price of 15N2 enrichment.
From the irradiation tests of (U, Pu)N fuel in JMTR, the nitride fuel shows excellent
performance; the fission gas release was found to be very low, and there was no signifi-
cant chemical interaction between fuel and cladding, at least up to the burn-up of 5.5%
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FIMA. These results indicate that the "cold" fuel concept has indeed got advantages,
especially in lowering the fission gas release.
Target materials
It also be noted that the application of current MOX fabrication techniques for the
fabrication of Am-bearing targets demand the adaptation of the fabrication parameters
to obtain good quality pellets. Fuel designers also want Am-loading to be distributed het-
erogeneously in the matrix, which is contrary to all present requests for industrial MOX
fabrication. The irradiation tests, EFTTRA [1, 7, 13, 14], have shown that extensive
swelling (+5.2% in length; +6.7% in diameter; increase in volume aproximately +18%) of
the Am-bearing fuel (micro-dispersed Am in a spinel-based fuel) took place, probably due
to the damage of the matrix by FPs and/or accumulation of helium (He) resulting from
a-decay. EFTTRA also focuses on the Tc and I transmutation . No technical limitations
on the use of metallic Tc as a target for transmutation are identified. A comparable
programme on the transmutation of Tc is being undertaken by JAERI [1, 7, 13, 14] with
a focus on the formation of a database of the Tc-metal target based on out-of-reactor
experimental studies.
Irradiation tests and cross-section measurements
Basic and fundamental research on cross-section measurements and evaluations are
central in many transmutation uncertainty assessment studies, as MAs are among the
main contributors to reactivity and the nuclear data for these MAs are not as well known
as for the main actinides (U, Pu) [1, 7, 13, 14]. The ongoing measurement campaigns,
guided by the OECD −NEA High Priority Data Request List, focus on the nuclides of
primary importance, 237Np, 242mAm, 99Tc and 129I, in an effort to clarify inconsistencies
between cross-section libraries and refinement of resonance cross-section data.
Measurement of the 242mAm thermal neutron capture cross- section at ILL-Grenoble
[7], indicated agreement with the ENDF −B/V I value of 252 barns, and as such, leaves
the option to transmuting 241Am by an intense flux of thermal neutrons open.
Very precise cross-section measurements for 237Np and 99Tc were performed at the
GELINA installation [7]. These measurements focused on the total cross-section and
Doppler broadening for 237Np, resulting in a preliminary list of new resonances under
120eV . Comparable measurements on 99Tc for radiative capture and total cross-section
in the resonance region [7] resulted in more precise and consistent information concerning
this resonance region of 99Tc.
The use of the adiabatic resonance crossing method was confirmed by experimental
measurements in the TARC experiment in CERN [7] and brought another approach to
the evaluation of 99Tc cross-sections. Fission cross section ratios of MAs nuclides (237Np,
241Am and 243Am) relative to 235U in fast neutron energy regions also were measured by
JNC, Kyoto University and measurements of keV -neutron capture cross-sections of rare
earth nuclides were performed at the Tokyo Institute of Technology [1, 7, 13, 14].
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1.3.3 Conditioning for deep geological disposal
P&T scenarios can lead to a reduction in the time required for waste to be stored safely.
Isolation of the hazardous radionuclides from the biosphere is the most important objective
for the management of high-level radioactive wastes (HLW ) arising from the reprocessing
of spent nuclear fuel.
In the partitioning-conditioning (P&C) scenarios, these hazardous radionuclides must
be fixed into suitable solid forms with a high stability and resistance to ground water at-
tack, in order to be retained in underground repositories for the period of several half-lives
times. Nuclide retention capability is a key property of radioactive conditioned wastes.
The physical integrity and chemical stability of conditioning matrices influences on the
release of the embedded elements. The major nuclear waste forms can be divided into
four main groups: glasses, crystalline ceramics, coated particles and particles in metal
matrices. The investigation of the waste forms is based on their structural natures: amor-
phous, crystalline, composites.
Vitrification and ceramization
The high-level nuclear waste (HLW ) produced after the chemical recovery of uranium
and plutonium from spent reactor fuel rods is a nitrate-rich liquid, containing approxi-
mately 40 different elements. The safe isolation of this waste from the biosphere requires
the immobilization of the radionuclides in a chemically and mechanically durable and
thermodynamically stable and radiation resistant solid matrix.
Today, the immobilization of nuclear waste in a glass matrix has been adopted as
a solidification process in the nuclear industry. Among the amorphous materials, alkali
borosilicate and phosphate glasses are considered as generic waste product forms which
are capable of immobilizing fission products, activation products and actinides.
Also, glass ceramic waste forms have been developed in laboratories as a good host
candidate for nuclear waste immobilization. The radionuclide is ideally trapped in the
crystalline phase and surrounded by a glassy envelope. Two variants exist for glass ce-
ramics: the crystallization of some limited parts of glassy volume by heat treatment or
by irradiation and secondly, co-heating of crystal and a glassy powder.
From the standpoint of thermodynamic stability, glass products can undergo devitrifi-
cation with time if it is irradiated or hydrated. The incorporation of actinides with their
α-decay in MeV -range and compacted α-recoiled irradiation during 10−6 years storage in
particular leads to expansion and phase formation of nuclear waste glasses. Therefore the
maximum tolerable amount of actinides to be incorporated is about 5%.
Contrary to glass, ceramics have a high stability and can incorporate a significantly
higher amount of actinides without a considerable degradation of the matrix properties.
The potential advantages of crystalline waste forms are their inherently high leach resis-
tance for long period of time with three order of magnitude higher than glass and excellent
thermal and mechanical stability. Therefore, research and development projects carried
out in the scientific community focus on the development of ceramics adapted for nuclear
waste immobilization. Synthetic rock SY NROC and one of the crystalline phosphate
forms, Na − Zr phosphate (NZP ) [18, 19] are also generic waste forms. Synthetic rock
SY NROC is the only multi -phased ceramic selected for nuclear waste confinement. But
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its industrial application is still waiting.
1.3.4 Stability of the matrix
The effect of α-decay damage on the structure of materials, the physico-chemical prop-
erties of each nuclide, such as the ionic radii or the stable oxidation state and long-term
chemical durability of the used materials must be addressed as matters of central concern.
Radiation sources in high-level radioactive waste
The principle sources of radiation inHLW are β-decay of the fission products (e.g.137Cs
and 90Sr) and α-decay of the actinide elements (e.g. U , Np, Pu, Am and Cm), both
of which lead to physical and chemical changes in the waste form [1, 2, 20, 21, 22]. In
β-decay, energetic electrons (β-particles), very low recoil nuclei, and γ-rays are produced,
whereas α-decay produces energetic α-particles (4.5 to 5.5MeV ), energetic recoil nuclei
(70 to 100keV ) and some γ-rays. In general, β-decay is the primary source of radiation
and self-heating during the first 500 years of storage, as it originates from the shorter-
lived fission products. The β-decay of the fission products is thus responsible for the high
radioactivity, high self-heating rates, and elevated temperatures early in the early years
of the storage. Due to long half-lives of actinides and their daughter products, α-decay is
generally dominant at after larger periods. α-decay generates the bubbles in the matrix [3].
Radiation damages
α-decay of incorporated actinides causes self-damage of the HLW forms, and leads
from a crystalline to amorphous transformation in waste forms (Zirconolite, pyrochlore,
and perovskite etc) [23, 24, 25, 26, 27]. It is important to note that 5MeV α-particle has
a mean range of a few micrometers and a heavy recoiled ion with 70− 100keV of energy
through out of the ionization process, while recoil ion induces elastic collisions, which are
responsible for the most of the atomic displacements.
In fact, at elastic nuclear collisions, the atomic displacement process begins with the
creation of a primary knock-on atom (PKA), which is any target atom struck by the
bombarding particle. The kinetic energy transferred to the aPKA is, in many cases, far
in excess of bonding energy. Therefore, such a PKA leaves its lattice site and often dis-
places additional atoms (secondary or higher-order recoil events). When large amounts of
momentum are transferred, the PKA will initiate a series of subsequent atomic displace-
ments, called a displacement cascade [20, 28].
The physics of displacement cascades in ceramics is generally similar to that in metals.
However, there are two differences. Firstly, ceramics are polyatomic solids with different
displacement probabilities for each atom type, which results in a more complex dynamic
and a resultant primary displacement spectrum of the cascade. Secondly, the bonding in
ionic or covalent solids permits, in some cases, the efficient utilization of electronic exci-
tation energy in displacement mechanisms and in most cases, strong aversion to antisite
disorder. Both features have significant implications for secondary defect behavior as well.
In addition to the energy transferred to the host matrix, β-decay and α-decay also lead
to the decay of radioactive parent nuclei into different chemical elements that must be
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accommodated and may have a significant impact on the chemical properties of the matrix.
The principle sources of transmutation in HLW are β-decay from the relatively abundant
fission products 137Cs and 90Sr. The transmutation of these two elements is accompanied
by changes in both ionic radius and valance. Helium atoms, which result from the capture
of two electrons by α-particles, are also produced and must be accommodated in the lattice
interstitially, trapped at internal defects, aggregated to form bubbles, or released at the
surface. Furthermore, radiolysis can lead to evolution of O2 in a wide range of ceramics,
and thus additional changes in microstructure.
A surprising number of inorganic insulators such as halides, hydrides, many silicates,
carbonates, bromates etc; suffer from permanent atom displacements as a result of elec-
tronic excitations generated by the interaction with ionization radiation, which is called
radiolysis. In some solid it can be more effective per unit of deposited energy than knock-
on displacement. The electron losses along fast-charged particle and primary knock on
the atom trajectories far outweigh the energy transference in mechanical collisions, so
most of the projectile energy eventually generates radiolytic displacements where possible
[20, 28].
Moreover, radiation damage is not restricted to the isolated point defect produced
by energetic particles. Indeed, vacancies and interstitial ions (Frenkel − pairs) can be
produced so close to each other that the clustering of point defects occurs spontaneously
in the short time that is required for complete primary event [20, 28]. When the distance
between successive collisions of a recoil atom and the stationary lattice atoms approaches
the interatomic spacing of the crystal structure, it is inappropriate to use the cascade
model for the collision of isolated vacancies and interstitials.
Instead, a dense cluster defect called a displacement spike is formed. Localized regions
of the lattice become highly disturbed, with all atoms in the cascade set into motion,
creating the conditions of a thermal spike. The spike persists for only some additional
pico-seconds before the heat dissipates to the surrounding lattice, but during this time
additional atomic rearrangements can take place as a thermally-activated motion and even
plastic deformation. The difference in displacement threshold energies between anion and
cation sublattices causes that the ratio of displaced metal ion and oxygen ion to vary with
the nature of the irradiating particles. The crystal structure may also influence the ability
of defects to aggregate and hence show variations in the microstructural damage during
on the nature of irradiating particles.
At the end of the event, the remnants of the cascade, termed the primary state of
the damage, are characterized by a large supersituation of Frenkel − pairs (vacancies
and self-interstitials), the simultaneous production of both cation and anion vacancies
is referred to as Schottky disorder, dislocation loop, amorphous zones, redistribution of
stress, and the extensive mixing of atoms on the lattice sites [20, 28, 15]. Thus, the
primary state of damage and its consequences for various materials, especially glasses, are
important for the long-term disposal of radioactive wastes.
Under irradiation, the lattice energy can also increase rapidly, particularly in materials
considered to have high defect formation energy. When the free energy of the crystalline
structure during irradiation is greater than the free energy of a periodic state, the material
is more easily amorphized [20, 28]. The consequence of amorphization is swelling at
the atomic [29, 30]and microscopic levels. A situation range (steady state) should be
apparent for most materials considered. The partial annealing of the structural defect
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reduces the radionuclides remobilization. Thus, annealing parameters are highly relevant
for long-term stability evaluation. Moreover, irradiation may strongly affect the chemical
durability of the used matrix due to structural conjugated effects.
Therefore, the effect of radiation damage on the structure and phases of waste forms
and consequently on their leachibility has to be considered as it is important for behavior
prediction in the repository environment and for risk assessments.
Radiation-induced structural transformation
Nuclear disintegration (α, β, γ) occurring in the waste forms induces atomic displace-
ments, structural defects and gas accumulation [20, 23, 24, 25, 26, 28, 31, 32, 33]. These
effects contribute to a decrease in the long-term durability of waste forms. By incorporat-
ing short life emitters, such as 238Pu (half-life 87.7 a) and 244Cm (half-life 18.1 a) in the
materials, irradiation effects in crystalline waste forms can be studied. Thus, an α-dose
of 1018 − 1019g−1 can be reached in reasonable amount of time by submitting materials
to γ-ray, neutron or heavy ion irradiation. The effects of the interactions of α-particles
(4.5 to 5.8MeV ) released from α-decay is an α-recoil in the energy range 70 − 100keV .
In this α-decay event, α-particles and α-recoil particles are released in opposite directions
and produce distinct damage regions separated by several microns.
The interactions of α-particles and an α-recoil atom with the atomic structure lead to
radiation damage according to the energy transfer of electrons (ionization and electronic
excitation) and the energy transfer of atomic nuclei, primarily by ballistic process involving
elastic collisions [30]. In addition to the transfer of energy, the particles emitted through
radioactive decay can themselves have a significant chemical effect on the host materials,
as a result of their deposition and incorporation into the structure.
Furthermore, the high rate of energy absorption through ionization and electronic
excitation from α-decay in ceramics can also result in self-heating, electron hole pairs that
can cause covalent and ionic bonds, charge defects, enhanced self-ionization and defect
diffusion, localized electron excitation, and some ceramics permanent defect radiolysis.
Due to ballistic processes, direct atomic displacements through elastic scattering collision,
which is responsible for the atomic rearrangement of the structure can occur. The α-
particles dissipate most of their energy by an ionization process over a range of 16 to
22 µm, but undergo enough elastic collision along their path to produce several hundred
isolated atomic displacements which form Frenkel−pairs [20, 28, 15]. The largest number
of displaced atoms occurs near the end of alpha particle range.
The recoil particle loses 80% or more of its energy in an elastic condition over a very
short range (20-30 nm). This produces energetic recoil which in turn lose 60% or more
of its energy in elastic collision. As a result, about 50% of the energy of the recoil is
deposited as "damage energy" in a highly localized displacement cascade. 500 to 2,000
atoms are energetically displaced by elastic collisions. The displacement of atoms within
a cascade process, not only Frenkel − pairs may also result in the direct formation of
topologically disordered or amorphous states in the core of cascade [20, 28].
The total density of energy deposited over a distance of approximately 25 nm into the
crystal structure by an α-recoil cascade can be very high (up to 1eV per atom) and occurs
over a very short time (< 10−12s). It may lead to local melting in the cascade or additional
atomic relaxation and rearrangement that contribute to the topological disorder. Both
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the partitioning of the energy losses between ionization and elastic collisions and the
distribution of displaced atoms depend on the compositions and structure of the phases
[30].The assumed threshold displacement energy of 50eV for all atoms is based on a full
cascade Monte Carlo calculation using - SRIM 2000.
Therefore, the radiation effect from α-decay events in many crystalline oxides used for
the immobilization of actinides is known to result in amorphiziation, macroscopic swelling
and increases in dissolution rates. The effect of irradiation damage of α-particles around
5MeV emitted from an actinide dopant or by low-energy heavy-ion external irradiation
appears to be less important in phosphate matrices than in titanates and silicates. Trocel-
lier et al [34] offer the explanation that not only are crystalline phosphates less sensitive
to irradiation than silicates and titanates but the partial self-recovery of annealing or the
recombination of defects is also more effective than in other matrices.
1.4 Ceramics
Ceramics can be subdivided into different groups according to their chemical compositions,
microstructure and application. From the application point of view one can distinguish
between traditional ceramics and advanced ceramics. Traditional ceramics include table-
ware, pottery, sanitary ware, tiles, bricks and clinker. Advanced ceramics may be divided
into electronic ceramics, optical ceramics, magnetic ceramics and structural ceramics.
The structural ceramics have applications in mechanical and chemical engineering, high-
temperature technology and in biomedical technology. Special ceramics, which are not
directly related to the categories mentioned above, include reactor ceramics (absorber
materials, breeder materials, nuclear fuels) and refractory products [35].
Another possible method of classifying of ceramics is to distinguish between silicate
ceramics, oxide ceramics and non-oxides ceramics. This classification is a mixture of chem-
ical composition (oxide, non-oxide) and atomic structure (glassy-amorphic, crystalline).
The main feature of silicate ceramics is the glassy-amorphic phase with a pronounced pore
structure. Oxide ceramics are distinguished from silicate ceramics by the dominance of a
crystalline phase with a small amount of the glassy phase [35].
Over the last two decades, chemically durable crystalline phases have been designed
as host lattices for long-lived radionuclides. For example, the stoichiometric formulas
for crystalline waste forms are NaZr2(PO4)3, Monazite (Gd − La)PO4 , Hollandite
BaAl2Ti6O16 Zirconolite (CaZrT i2O7), Betafite (CaUTi2O7), Sphene (CaSrT iO5),
Brannerite(UTi2O6), Pyrochlore(Ln2Zr2O7), Perovskites(CaTiO3), Magnetoplumbites
(CaSr)(Al, Fe)12O19, Nepheline (Na,Cs)AlSiO4, Zircon(ZrSiO4), Thorite (ThSiO4),
Cerite (CeSiO4), Hafnon (HfSiO4), Pollucite CsAlSi2O6, Eulytine A3LnP3O12 (A =
Sr,Ba; Ln - rare-earth elements), Garnet (Ln3Al5O12), etc.
1.4.1 Properties of ceramics
The main disadvantages of ceramics include low tensile strength at room temperature
for some materials, brittleness, large scatter of strength and sub-critical crack extension.
Brittleness means that failure occurs without prior measurable plastic deformation. This
is due to the strong atomic bonding of ceramics, which leads to high stresses for the mo-
tion of dislocation. Thus, failure can start from small crack extensions, characterized by
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the fracture toughness. The absence of local plastic deformation leads to failure at loca-
tions of high local stresses, for example at notches, contacts between different materials
or during thermal shock. In metals, these strain-controlled local stresses lead to small
plastic strains. The large scatter of strength is caused by the statistical distributions of
flaw size and flaw location. This requires a statistical description of the strength and a
relation between failure probability and the stress distribution component. Subcritical
crack extension can cause failure under constant or cyclic loading during the operation of
a component and will consequently lead to a limited lifetime.
Chemical properties of ceramic waste forms
The most important property of nuclear waste form for conditioning is its chemical
durability in contact with an aqueous solution, which can cause leaching in the field of
radioactive waste management. However, "chemical durability" is a broad term, which
is actually a measure of a variety of properties: mechanical properties, microstructure
of materials, physicochemical properties, thermodynamical stability and corrosion resis-
tance.
Nuclide retention capability is a key property of radioactive conditioned wastes. Phys-
ical integrity and chemical stability of conditioning matrices influence the release of em-
bedded elements. The release of radionuclides into the biosphere will certainly occur
mainly by contact with water and a reaction, followed by the transport of dissolved and
colloidal radionuclides complexes. Mass transfer of the radioactive elements embedded in
the waste form mainly depends on the solubility, diffusion, and absorption properties.
Leach resistance tests especially over long periods are very important for evaluating the
retention capability of solidified waste forms retarding the introduction of radioisotopes
into the environment. The chemical durability of the final material and its aptitude for
deterioration by dissolution, or ability to withstand chemical aggression [8] should be
measured. Knowledge about the leaching behavior of conditioned waste forms is essential
for the definition of disposal acceptability, according to specific national or international
criteria. In general, low leachability decreases the risk of accidents during manipulation,
transportation, storage and final disposal of radioactive wastes.
Over the past few years, many efforts have been devoted to understanding the basic
mechanisms involved in leaching phenomena. It has been demonstrated that, apart from
pressure, whose effect is negligible for near surface disposal at least, the leach rate is
strongly influenced by a broad series of parameters, such as the geochemical environment,
temperature, composition of the leachant and waste form, pH, dissolution precipitation
creep, redox conditions, flow rate of fluid, volume of the leachant, volume and shape of the
specimens and the solubility and mobility of elements involved. For most safety analysis,
the amount and the type of radioactivity released into the solution by the solid waste
form or simulant waste form are critical parameters. Therefore the leaching resistance is
measured using a variety of methods by laboratories all over the world.
Physical properties of ceramic waste forms
Thermal expansion coefficient α, thermal conductivity λ, electrical resistivity ρ, spe-
cific heat Cp, density ρ, Young's modulus E, and Poisson's ratio ν, are some important
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physical properties. These properties are not only important for the material selection
of a specific application; they also characterize the thermal shock sensitivity of ceramics.
Most physical data strongly depend on manufacturing conditions, especially on porosity
[36].
Heat conduction in ceramic material is mainly governed by lattice oscillations and is
less pronounced than in metals, where free electrons are responsible for the heat transport.
Thermal conductivity can be considered as the heat flow crossing a certain area and the
heat flux Q is the thermal energy passing through the unit area within unit time.
Due to the imperfections of mechanical properties in materials, such as open cracks,
micro-cracks, open pore space between grains, grain boundary, grain size distribution and
grain-grain contact, fluid can be present in a variety of different sites in a ceramic or
SY NROC. A fluid is needed to transport dissolved material. Only at high temperature
can diffusional transport without a fluid be significant[37].
Open fluid-filled cracks can exist at deeper levels despite high pressure if the fluid pres-
sure is high enough. However, open cracks (> cm scale) greatly enhance the permeability
of a rock, allowing fluids to flow and decrease the fluid pressure. There must be dynamic
equilibrium between opening of cracks (which can increase permeability, decrease fluid
pressure) and closure of cracks (which can decrease permeability, allowing build-up of
fluid pressure).
Fluid reservoirs in the microstructure of materials micro-cracks with a typical length
of less than 0.1mm and width or length of less than 0.01mm, can occur as short-lived
dynamic structures due to the rapid propagation of dissolution with high stress, causes
by stress concentration at the crack tip and rapid healing causes by surface energy effect,
which can also result in fluid inclusions.
Ceramics or sediment at shallow depth has a high porosity, which decreases with burial
depth. The geometry of the pore surface at deeper levels depends on the balance between
grain-grain boundary surface energy and grain-fluid boundary surface energy (wetting
angle). The wetting angle expresses the shape of the pore spaces and can be determined
as (a) high wetting angle fluids residing in the pockets where four grains meet (b) medium
wetting angle in tubes where three grains meet (c) low (0o) wetting angle where all grain
boundaries are wet [37].
Microstructure deformation can also be achieved by removing material from some
sites and bringing it to other sites. At length scales below the transport scales, there are
sites of volume increase and volume decrease, whereas other sites remain undeformed.
Deformation-induced material transfer can also occur on length scales larger than one
grain. If the initial effective grain size is larger, the rate of transfer required to produce
deformation is low compared to pressure solution creep of grain scale. Several microstruc-
tures could result from material transport due to applied stresses and hydrothermal water
attack:
• Compaction of porous rock with the material dissolving at grain contacts and pre-
cipitating as cement in pores.
• Preferential dissolution at grain contacts that are normal to compression and re-
precipitation at grain contacts, which are normal to extension, leads to deforma-
tion. Over growth of original grain shapes can often be discerned by dust rims and
different inclusions at original grains.
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• Material loss in localized dissolution at the strain cap and localized precipitation at
the strain shadow or pressure shadow around grain of the microstructure.
Dissolution precipitation creep is a deformation mechanism, which involves three steps:
• Dissolution reaction at relatively high normal stress grain boundary.
In this case, the chemical potential µ is high when the pressure in the solid Pf is
equal to the summation of stress from different directions σn or stress as compressive
grain boundary σ1.
• Diffusion transport along the chemical potential µ gradient in grain boundary fluid.
• Precipitation reaction at relatively low normal stress grain boundaries.
In this case the chemical potential µ is low when the pressure in the solid Pf is equal
to the summation of stress σn or stress as extensional grain boundary σ3.
The slowest of these three steps is the rate-controlling. Dissolution precipitation creep
is the dominant ductile deformation mechanism at low temperatures in wet rocks where
other mechanisms, such as dislocation creep are slow. If a suitable fluid is provided, it
may also be important to take it into account at high temperatures. Primary mechanical
heterogeneity preferred sites for precipitation and provided heterogeneously in stress share
and pressure.
Diffusional transport and interfacial reactions known as the driving force can be en-
hanced by stress-induced chemical potential differences along the grain boundaries and
across the interfaces. The equilibrium chemical potential µ of a solid dissolved in a fluid
adjacent to the surface of the solid can be expressed as:
µ = f + PV + cγ/R, (1)
where
µ - equilibrium chemical potential,
f - Helmholtz free energy of the solid,
P - pressure in the solid,
V - molar volume of the solid,
c - material constant,
γ -surface energy of solid fluid interface,
R - local curvature of solid fluid interface.
Grain boundaries have to transmit/transfer stresses from grain to grain. Based on this one
can argue that effectively P = σn for dissolution reaction at relatively high normal stress
grain boundary. Therefore, chemical potential is higher on compressive grain boundary
than on extensional grain boundary. Neglecting the surface energy term, the drop in that
drives the material transport is:
∆µ = (f + σ1V )− (f + σ3V ) (2)
∆µ = ∆σV, (3)
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where,
∆σ = σ1 − σ3 - differential stress
σ1 - stress as compressive grain boundary,
σ3 - stress as extensional grain boundary,
σn - summation of stress from different directions - differential stress.
In the case of diffusion as rate controlling, where precipitation and dissolution are
relatively fast, the whole of ∆µ is used to derive diffusion. The flux J passing through
the grain boundary fluid is proportional to the concentration gradient along the grain
boundary, which is proportional to ∆µ and inversely proportional to the grain size g.
J ∝ 1/g ⇔ J ∝ ∆σ/g (4)
Flux F which has to go through an area proportional to the cross-sectional area of grain
boundary is directly proportional to the grain size:
F ∝ Jg ⇔ F ∝ ∆σ (5)
The dissolved solid arriving on the extensional grain boundary adds a layer of solid to it
of width w:
w ∝ F/g2 ⇔ w ∝ ∆σ/g2 (6)
When diffusion is rate controlling, the strain rate is proportional to the differential stress
(linear or Newtonian viscous) and inversely proportional to the cube of grain size.
Extension rate E is:
dg/dt = w/g ⇔ E ∝ ∆σ/g3 (7)
In the case of reaction as rate controlling, where precipitation and dissolution are
relatively slow compared to the diffusional transport, the whole ∆µ is used to derive the
interfacial reactions. The rate v of precipitation and dissolution are normally proportional
to the chemical potential difference across the interface:
v ∝ 4µ⇔ v ∝ ∆σ (8)
The extension rate E is given by the growth rate divided by the grain size:
dg/dt = w/g ⇔ E ∝ ∆σ/g (9)
When interfacial reactions are rate controlling, the strain rate is again proportional to the
differential stress (linear or Newtonian viscous) and inversely proportional to the grain
size. Pressure solution creep is favoured by a small grain size.
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1.4.2 Irradiation damages on ceramics
α-irradiation damage on zirconate pyrochlore
The self-irradiation damage event from α-decay in actinides containing pyrochlores
was described by Ewing et.al [30, 38]. In the study of a Cm-doped celsian glass ceramic,
the pyrochlore phase (Nd0.85Cm0.15)2(Ti1.65Zr0.35)2O7 was found to transform into an
amorphous state due to self-radiation damage. Similarly, in a Cm-doped devitrified glass,
the pyrochlore phase (Gd,Cm)2Ti2O7 was observed to undergo a radiation-induced crys-
talline to amorphous transformation at a dose of about 3.1×1018 α-decay events per gram
and was also accompanied by macroscopic swelling of 5% and an increase by a factor of 20
to 50 in the aqueous dissolution rate of the non-network of Cm [39, 40, 41]. Similar amor-
phization behavior was observed for minerals of the titanate pyrochlore group [42, 43].
The titanate pyrochlore amorphized at relatively low doses (0.5-0.6 dpa) for different ions
in Wang et al [55].
However, zirconate pyrochlores (A2B2O7) may be important as potential nuclear waste
forms for the immobilization of Pu or actinides [20, 23, 30, 32, 45]. Gd2(Ti2−xZrx)2O7
being binary ceramics has been shown to have an increasing resistance to ion irradiation
damage with an increasing amount of Zr content, and Gd2Zr2O7 (rA/rB = 1.46) is
radiation resistant to an ion beam 1MeV Kr+ irradiation and remains crystalline at a
dose of 5 dpa (displacement per atoms) at T = 25K . Gd2Zr2O7 is highly radiation
resistant and is identical to that of stabilized cubic zirconia, which remains crystalline
under Xe2+ irradiation up to 680 dpa . Gd2Zr2O7 appears at the boundary of ordered
pyrochlore and defect fluorite structure types. The "x" parameter of the perfectly ordered
pyrochlore is 0.3125, whereas the structure becomes close to an ideal fluorite structure
when "x" parameter is 0.375. Hence, the "x" parameter of the 48f oxygen defines the
deviation from the ideal fluorite structure [23].
The study of Ln2Zr2O7(Ln = La,Nd, Sm,Gd) irradiated with 1.5MeV Xe+ done
by J.Lian et.al [23, 30] showed that all of the zirconate pyrochlore phases displayed ion
irradiation-induced pyrochlore to fluorite structural transformation. It was also shown
that the radiation resistance of Ln2Zr2O7 (Ln = La,Nd, Sm,Gd) increases with a de-
creasing A-site cation radius, changing from La3+ to Gd+3. Although most of 1.5MeV
Xe+ ions penetrate∼ 300nm in the sample, ion implantation effects are negligible [23, 30].
However, abundant dislocation was observed and the crystal structure transformed to
fluorite. On the other hand, the zirconate pyrochlore showed a strong radiation resistance
to amorphization and it did not become amorphous even at a high dose of 7 dpa under
irradiation of 1.0MeV Kr+ (T=20K) and 1.5MeV Xe+ ion (1073K) [20]. For example,
it was found to have a highly radiation resistant defect fluorite for Nd2Zr2O7 at a dose
of ∼ 7 dpa 1.5MeV Xe+ ion (25K) [23].
Based on the results for Gd2(Ti2−xZrx)2O7and A2B2O7, the defect fluorite structure
are stable when the ionic radii ratio rA/rB ≤ 1.54 ; beyond this limit, the defect fluo-
rite structure with the anion deficient fluorite (AB)4O7 e.g. Gd2ZrT iO7(rA/rB = 1.59)
La2Zr2O7 (rA/rB = 1.61) becomes increasingly unstable relative to the amorphous state.
In addition, it has been found that the critical amorphization dose of La2Zr2O7 increases
at elevated irradiation temperature and above a critical temperature, complete amorphiza-
tion cannot occur even at a high dose [23]. The temperature dependence of amorphization
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is a result of competition between amorphization and recovery processes [23].
For Gd2Zr2O7 (rA/rB = 1.46), Sm2Zr2O7 (rA/rB = 1.50), Nd2Zr2O7 (rA/rB =
1.54), the defect fluorites are radiation resistant and complete amorphization could not
be achieved under Xe+ ion irradiation at 25K [23]. La2Zr2O7 is the only zirconate
pyrochlore that can be amorphous by 1.5MeV Xe+ ion beam irradiation at a dose of 2.74×
1015ions/cm2 and the critical amorphization temperature (Tc) for La2Zr2O7 (rA/rB ∼
1.61) is ∼ 310K with an activation energy of 0.05eV .
Moreover, the effect of cation electron configuration is evidenced by the comparison
between the radiation responses of Gd2Sn2O7 and Gd2(Zr0.75Ti0.25)2O7. Although the
cation ionic radius ratio of Gd2Sn2O7 (∼ 1.526) is similar to that of Gd2(Zr0.75Ti0.25)2O7
(∼ 1.523), there was a difference in radiation resistance [30]. No amorphization occurs
in Gd2(Zr0.75Ti0.25)2O7 with an ionization radiation at 25K; whereas, Gd2Sn2O7 can be
amorphizied at a dose of 3.4 dpa at room temperature [46, 47].
Based on the cascade-quenching model, the main recovery mechanism in the irradiation-
induced amorphization process is epitaxial recrystallization at the interface of the crys-
talline/ amorphous region around the cascade [48, 49]. Wang et al [49, 50] have presented
a model to describe the temperature dependence of amorphization by using the concept
of recrystallization efficiency A, which is the volume fraction being recrystallized within
a single cascade.
The trend of radiation resistance in zirconate pyrochlore is consistent with theoretical
results [51, 52]. Based on the energy minimization procedure [51, 21], it has been suggested
that the cation antisite has the lowest defect formation energy and compounds with
similar A and B-site cation radii such as oxides with the fluorite structure, have a lower
cation antisite formation energy than that of ordered pyrochlore oxides. The lattice
energy increases more rapidly in compounds with a high defect energy. In the case of
the energy of crystalline lattice overtaking the free energy of aperiodic state, materials
become amorphized more easily. Based on the defect formation, La2Zr2O7 is the most
susceptible phase to ion beam damage among stoichiometric pyrochlore compositions.
The simulation of cation antisite formation energies for La2(Ti2−xZrx)O7 system
by Chartier et al [52] indicated that cation inversion becomes easier with increasing
Zr-content. Although there is a significant discrepancy between simulated results for
La2Zr2O7 with cation antisite formation energy 1.95; whereas, the values determined by
Minervini et al [51] are (4.4− 4.8eV ). The general trends are similar, that is, the cation
antisite inversion occurs more easily in a structure with a high disordering extent such as
Zr-rich Gd2(Ti2−xZrx)O7 than in ordered pyrochlore e.g. La2Zr2O7.
The relatively easier formation of cation antisite defects with the decreasing A-site
cation radii in zirconate pyrochlore dissipates at significant part of radiation energy within
ordered pyrochlore and drives materials to a defect fluorite state instead of amorphization
[23, 52].
Effect of fission product accumulation in cubic zirconia
The effect of fission-product incorporation on the microstructure of the 9.5 mol % of
yttria stabilized cubic zirconia (Y SZ) was investigated using the ion implantation method,
using 70 − 400keV Cs+, Xe+, Sr+ and I+ ions and transmission electron microscopy
(TEM) [31].
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In this study, ion implantation was conducted at a temperature range between 300K
and 873K for doses up to 1×1021 ions/m2. In situ TEM during the 70keV Cs+ implan-
tation at room temperature revealed a high density of clusters on the nanometer scale
after the dose of ∼ 2× 1020Cs/m2. The defect clusters with characteristics of interstitial-
type dislocation loops were interpreted to be the result of displaced planar of Zr and/or
O interstitials from their original lattice site by the collisional events. Again, amorphous
domains in thin regions of the specimen after the dose of 1× 1021Cs/m2 were found.
The cross-sectional TEM of a specimen after 400keV Cs+ implantation to 1×1021Cs/m2
at room temperature revealed an amorphous band in a depth range, where Cs concen-
tration was greater than 8 atom % [31]. The front edge of the amorphous layer overlaps
with the displacement damage peak that reached 330 dpa (displacement per atoms). They
suggested that the amorphization was mainly due to the incorporation of Cs rather than
the displacement damage, which occured when the center of the amorphous layer over-
lapped with the Cs peak concentration. The amorphization in Y SZ was caused by the
large size incompatibility and low mobility of cesium ions in the yttria stabilized cubic
zirconia structure at room temperature, reflecting a relatively low solubility limit of Cs
in Y SZ. Nevertheless, the concentration of Cs when amorphization occurred (∼ 8 atm
%) can be reached in an inert matrix fuel (∼ 5 atm % assuming 30 atm % Pu loading)
or in disposal.
They explained that the various type of nanometer-scaled defect clusters, such as
dislocation loops and small gas bubbles, were apparent in samples implanted with the
other three ion doses of 1× 1020 ions/m2. However, other than Xe bubbles, they did not
find that apparent secondary phase precipitates in Y SZ implanted with Xe+, Sr+ and
I+ ions, even after the dose of 1 × 1021 ions/m2. No amorphization was observed after
400 keV implantation to 1 × 1021 ions/m2 at 973K, even though "I" iodine has a larger
ionic radius than cesium (Cs), due to the relatively high mobility of iodine in Y SZ at the
high temperature [31].
Effect of fission product accumulation in perovskites
The study of different irradiated compositions of perovskites (formally CaTiO3) with
1.5MeV Kr+ was determined in critical doses for amorphization (Dc) for each per-
ovskite by I.Jencic et al [20]. Sr0.7La0.2TiO3 was found (Dc > 170 × 1014ions/cm2)
when the other (Sr − La)-perovskites had a the corresponding dose in the range of
2.4 × 1014 − 11 × 1014ions/cm2 [22]. It was suggested that the high amorphization dose
of Sr0.7La0.2TiO3 originated from the change in symmetry at /or near this composition.
Effect of fission product accumulation in zircon
Zircon (ZrSiO4) is another candidate for use as a nuclear waste form and the critical
amorphization doses (Dc) in natural zircon and synthetic zircon were expressed by W.J.
Weber et al [53] as two stage exhibitions, which depend on the irradiation temperature and
increase with temperature and damage density. The transition temperature of natural zir-
con occurs at 300K and for synthetic zircon at 500K. Although the critical amorphization
shift of natural zircon occurred at the low-temperature range (recovery process) due to low
temperature by (1.0MeV Ne+, 0.8MeV Kr+, 0.8MeV Xe+, 0.6MeV Bi+, 0.54MeV
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Pb+), irradiation-induced decompositions for all samples was observed at 975K.
Hafnium could be added for Pu storage in a zircon host as a neutron absorber to reduce
the criticality [54], and form (ZrPuHf)SiO4. Therefore, to gain insight into potential
effects of adding Hf or loading an actinide into a zircon host matrix, hafnon (HfSiO4)
and thorite (ThSiO4) were obtained by comparing zircon. All three minerals were found
to become amorphous in two stages as a function of temperature. The calculated acti-
vation energy of the first stage increased from 1.0eV (zircon) to ∼ 1.8 eV (thorite), and
from 3.3 eV (zircon) to 3.6 eV (thorite) for the second stage. Based on these results, the
addition of Hf or Th was expected to slight dose for amorphization at elevated temper-
ature by A.Meldrum [55].
β,γ irradiation damage
Electrons in HLW usually originate from β-decay of radionuclides and in some cases a
sizeable fraction of them results from the interaction of γ-rays with solids (Compton effect,
photoelectric effect). The study of radiation damage produced by electrons can be con-
veniently performed in a High Voltage Electron Microscope (HV EM). Therefore, elec-
trons from the electron gun of TEM have been used for simulation of internal radiation
in several experiments. The lower mass of electron ensures that an electron collision sel-
dom results in more than one displaced atom. Near threshold, with an electron energy
of 200 − 400 eV the cationic species in α-aluminia and spinel can be replaced [20]. At
higher energies, the cation displacement rate may remain considerably greater than that
of oxygen.
Dislocation loops, dislocation networks and voids in aluminia were observed as a re-
sulting microstructure depending on the temperature of irradiation and on the electron
dose and energy. Electron irradiation of spinel produced no dislocation structures at doses
where significant visible damage was observed in aluminia or magnesia [56, 57] ie at a dose
of 1.3 dpa at 500oC and at a dose of 0.2 dpa at 900oC. In additions, all zirconate samples
(La2Zr2O7, Sm2Zr2O7, and Nd2Zr2O7) were also found to be stable under an electron
beam irradiation of 200 keV and 400KeV . This was confirmed by TEM [23].
Ions and neutrons damage on spinel
Ions in HLW are primarily α-particles and recoil nuclei from the decay of actinides,
and small fraction of them are also primary knock-on atoms displaced by fast neutrons
from the spontaneous fission of actinides. Ion implantation is as a common method used
to achieve the large damage necessary for the simulation of long-term radiation damage in
short time. Displacement spike effects can play an important role in ion-induced damage.
In fact, in the case of ions, larger energy transfer is needed to target atoms than in case of
electrons. Displacement cascades caused by ions are usually denser and larger, especially
for heavy ions whose mass can be either comparable to or larger than the mass of the
target atom.
In contrast to electron irradiation, dislocation loops are found in ion-irradiated spinel
as well as defect-free regions, which were situated adjacent to the grain boundary. There-
fore, I.Jencic suggests that the higher resistance to radiation of spinel [20] arises from
ionization-enhanced diffusion. This mechanism promoted the recombination of vacancies
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and interstitials and thereby reduced the super situation of point defects to a level where
dislocation loop nucleation could not reach a significant extent. Furthermore, higher ra-
diation resistance in spinel compared to that of the alumina and magnesia was found for
the neutron dose of 3× 1021cm−2 (equivalent to 3 dpa).
Although no defects were observed by Hobbs et al [58] at the dose of 3 dpa, an in-
terstitial dislocation loop appeared at the dose of 10 dpa in spinel. However, it has a
superior resistance to void swelling as shown in [20] than alumina as the function of neu-
tron (E > 0.1 eV ). It was also noted that the dislocation loop in spinel was resistant
to unfaulting and therefore did not form dislocation net work which promote the void
growth. Moreover, swelling did not develop, in part due to the inherent suppression of
loop formation arising from the large critical size of nuclei.
1.4.3 Different ceramic compounds for waste immobilization
Eulytine compounds
The eulytine compounds are represented by the general formula A3LnP3O12 (A =
Sr,Ba;Ln - rare earth elements) which crystallizes cubic symmetry [18]. Hence, the eu-
lytine phases can act as host materials for immobilization of rare earth ions, as well as
alkaline rare earth cations, in a phosphate matrix. The low leachability of rare earth ions
has been found at the order of magnitude 10−6 − 10−7 gm−2d−1 (for Nd, Pr, La), and
are at the order of 10−4 gm−2d−1 for (P, Sr) by Sugantha et al [18]. The rare earth ions
constitute a major proportion of the high level nuclear waste (about 27 wt %).
Phosphate compounds
The potential use of ternary phosphates such as sodium zirconium phosphate (NZP :
NaZr2P3O12), as a ceramic matrix for fixing radionuclides has been suggested [18, 19, 59].
The remarkable stability of the 3D-network structure toward chemical substitution and
the anisotropy in the thermal expansion behaviors of the hexagonal lattices leading to
low bulk thermal expansion of the high waste loading ability of this family of phosphates,
is well known. Other advantages include the refractory nature and the easy method of
phase synthesis.
Pyrochlores
A multi-phase pyrochlore-rich titanate ceramic waste forms were chosen for the immo-
bilization of plutonium. In the cubic titanate pyrochlore with empirical formula unit of
A2Ti2O7, the A-site is 8-coordinated and can be occupied by (Ca2+, Gd3+, U4+and Hf 4+)
among others. Ti4+ is 6-coordinated. Pyrochlore and zirconolite in titanate ceramics are
closely related structurally and derived from ordered anion-deficient fluorite structures.
Pyrochlore-rich ceramics, including essentially single-phase pyrochlore, were subjected
to MCC1 leach testing at 90oC in deionized water (pH ∼ 5.6) for up to one year [104].
The normalized leach rate of plutonium (Pu) ranges from 2× 10−6 to 2× 10−5 gm−2d−1
after 250 days.
The leaching behaviour of uranium (U) in 90oC MCC 1 tests of pyrochlore ceramics
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exhibits more complex patterns. The total normalized U leaching rate in most pyrochlore
is similar within to that for Pu. However, the U released from some pyrochlore-rich
specimens, including brannerite-rich formulations [104] is the range from 1 × 10−2 to
1× 10−4 gm−2d−1.
A pyrochlore ceramic Ca(Gd, Pu,Hf, U)Ti2O7, doped with 10 wt % Pu and 22 wt %
of U , was developed as a matrix for the immobilization of Pu and this pyrochlore shows
almost identical leachability as cubic/mono zirconia at 25oC and 90oC under MCC1 test
conditions. It was characterized by a lower level of Am release while zircon/zirconia
experienced a higher level of Am release. Anderson et al [34] found that the ceramics
(zircon, zirconia, pyrochlore) have different features concerning Am release under leach
test conditions.
1.5 Zirconium oxides
Zirconium oxide is suitable as a matrix for high-level waste (HLW ) because of the fol-
lowing reasons:
• First, Zr −O bonds in a crystal are the most durable in water [61].
• Second, Zr forms insoluable hydroxides in a pH range of 1.7− 10.5.
• Third, zirconia oxide compounds with other metal cations tend to confine consider-
able amounts of actinides and lanthanide elements.
• Fourth Zr4+ is a hard acid and thus electrostatic rather than covalent forces should
dominate the complexation of Zr4+ with inorganic ligands (in order of decreasing
stability: OH− > F− > PO3−4 > C2O2−4 > SO2−4 > CO2−3 > NO−3 > Cl− > ClO−4 )
as presented in [63]. Complexation reactions with OH− and F− ions have received
the most attention.
In order to obtain fully stabilized solid solution with cubic symmetry, the role of zirco-
nium oxide and stabilizer factors are very important [64, 65, 66, 67, 68, 69]. In fact, solid
zirconium oxide undergo three modifications. In the low-temperature phase, m-ZrO2 has
a monoclinic crystal symmetry (P21/c, Z = 4) [70, 71]. In the intermediate-temperature
phase, t-ZrO2 has tetragonal (P42nmc, Z = 2) [72, 73] symmetries at atmospheric pres-
sure . In the high-temperature phase, c-ZrO2 has a cubic (Fm3m,Z = 4) [71, 74] fluorite
structure isostructural with CaF2 [30, 75]. ZrO2 melts at a temperature of 2, 680oC.
According to data from various sources, transition from the monoclinic modification to
the tetragonal modification takes place in the temperature range of 1, 050 − 1, 170oC.
Above 2, 370oC the tetragonal structure is transformed to the fluorite type, which can
be stabilized at room temperature by the addition of lower valence oxides [76]. Without
stabilizing agents, ZrO2 exists at ambient temperatures as monoclinic baddeleyite.
Due to the disruptive monoclinic⇔ tetragonal martensitic phase formation mentioned
above, pure zirconia is of little use. However, it was found by Ruff and Ebert [35], that
this phase formation can be suppressed by doping certain amounts of CaO, MgO, CeO2
, Sc2O3, Y2O3 into zirconia to form anion-conducting solid solutions and a metastable
cubic fluorite solid solution can be obtained at room temperature [76, 77, 78, 64, 65, 66,
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Figure 4: Stabilization of zirconia with divalent oxides or trivalent oxides
67, 68, 69, 79, 73]. A variety of cation dopants are known to serve as stabilizers, which
prevent the undesirable transformation of materials for considerable research for alloy
development and the mechanical and electrical characteristics of zirconia.
The yttria-stabilized zirconia matrix (Y SZ) is of great importance in different ap-
plications, such as electrolytes for solid oxides fuel cells (SOFCs) and oxygen sensors,
refractory materials for high temperature furnaces, as well as protective plasma-sprayed
thermal barrier coatings for metals [35]. Obviously, the knowledge of phase equilibria
in the ZrO2-Y2O3 system is essential for these applications. Moreover, the yttria fully
stabilized zirconia matrix is a promising candidate material for both inert matrix fu-
els and waste forms due to its high solubility limit for actinides, high chemical, phys-
ical durability, exceptionally high stability under radiation in vast temperature range
[76, 64, 65, 66, 67, 68, 69, 79, 80, 73, 81, 82].
It has been generally recognized that doping with lower-valence oxides introduces oxy-
gen vacancies into the ZrO2 crystal lattice. When doping with a smaller amount than
needed to produce fully stabilized zirconia, partially stabilized zirconia (PSZ) or tetrag-
onal zirconia polycrystal (TZP ) can be obtained. Partially stabilized zirconia (PSZ) has
fine precipitates of tetragonal zirconia less than 1µm consisting of a cubic matrix. PSZ
are typically two-phased cubic and tetragonal or single-phased tetragonal which are of
importance for structural applications.
The tetragonal structure is derived from the fluorite-type structure by the elongation
of one of the three equal crystallographic axes of the cubic fluorite structure [70, 72, 76, 83]
and by shifting oxygen ion from its ideal position in the fluorite structure arrows in Figure
6 [70, 72, 76, 84, 85].
The behavior of the cubic-tetragonal phase transition in the oxide-doped zirconia is
very interesting because it relates mainly to the structure formation in yttria-stabilized
zirconia ceramics.
Doped tetragonal zirconia is classified under three forms [75]. The tetragonal phase
with the dopant composition of Xt precipitates through a diffusional phase separation,
when the sample is annealed within the (tetragonal + cubic) two-phase region of the
phase diagram in the ZrO2- Y O1.5 system (A in Figure.5). This tetragonal phase formed
diffusionally is called the t form.
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Figure 5: Phase diagram [76]
As shown by path B in Figure 5, another tetragonal form is formed through a diffu-
sionless phase transition from the cubic phase, at or below, the equilibrium temperature
T c−t0 between the cubic and tetragonal phases when the high-temperature cubic phase is
quenched to room temperature [86, 91, 87].
At T c−t0 , the Gibbs free energy of the tetragonal phase is assumed to be identical
to that of the cubic phase. This tetragonal phase formed diffusionlessly is called the t′
form to distinguish it from the t form [88]. The t′ form shows a characteristic domain
structure [84]. It has been suggested that c→ t′ phase transition is accompanied by oxygen
displacement from the ideal fluorite site. However, displacement values in the vicinity of
the tetragonal-cubic phase boundary and its compositional dependence is not yet known
. Zhou et al [89], Sato et al 1991 [90] and Yashima et al [64, 65, 66, 67, 68, 69, 73] studied
the tetragonal-cubic phase boundary using Raman scattering. Their results suggest that
the oxygen displacement decreases with an increase in the Y O1.5 content.
The cubic-to tetragonal phase transition is not induced by the lattice change but by
oxygen displacements along the c axis from the ideal anion site in the fluorite-type cubic
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Figure 6: Tetragonal cell and crystal structure (P42nmc, Z = 2) together with pseudo-
fluorite cell (space group Fm3m, Z = 4). Open circles are the anions with displacement
from the ideal fluorite lattice cites. Solid circles are the cations [76]
phase (8c) [64, 65, 66, 67, 68, 69, 73] .
The X-ray diffraction technique is not sensitive enough in zirconia ceramics to observe
the cubic-tetragonal phase change because of the relatively small atomic scattering factor
of oxygen [75]. It is difficult for electron diffraction and Raman scattering to quantify the
oxygen-displacement value, which is very important for the quantitative discussion of the
cubic-tetragonal phase transition [91].
Oxygen-induced structural changes of the tetragonal phase around the cubic-tetragonal
phase boundary in ZrO2-Y O1.5 solid solution was found by Yashima et al [64, 65, 66, 67,
68, 69, 73]. In this investigation neutron diffraction was used to quantify the oxygen
displacement and to investigate the oxygen-induced structural change with the relatively
large scattering length of oxygen.
There is another tetragonal form: the t" form. The t" form is defined as a tetragonal
form with an axial ratio c/af of unity and an oxygen displacement along the c axis from
the 8c site of the fluorite-type structure, where the af is a lattice parameter of the pseudo-
fluorite cell. According to high-temperature X-ray diffraction studies [64, 65, 66, 67, 68,
69, 73], a part of the t" form discontinuously changes into the t' form with an axial ratio
c/af > 1 and the fraction of the t′ form increases with annealing time, suggesting that
there is an energy barrier between the two forms (AG in Figure 5). Therefore, the t" form
was distinguished from the t′ form, although both forms were assumed to have the same
space group of P42/nmc.
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Garvie et al [92] discovered that PSZ possesses very high fracture toughness. Porter
and Heuer [91, 87, 92] explained the mechanism of toughening. When the tetragonal
precipitates, and is in the correct size range, it will transform martensitically to the
monoclinic phase under volume increase on crack propagation, resulting in a closing force
on the crack and absorbing energy. Gupta et al [16] also discovered that single tetragonal
phase with very fine-grained 0.2− 1.0µm , tetragonal zirconia polycrystal TZP exhibits
the same properties. Such amount (3-6 mol %) of yttria is typically contained in TZP ,
where some amount of cubic zirconia in microstructure if amount of Yttria exceeds about
4 mol %. By doping with Yttria amount 13-20 mol %, the fully stabilized zirconia could
be obtained.
1.5.1 Fully stabilized zirconia (or) cubic zirconia
The fully stabilized zirconias (FSZ) are normally single-phase cubic zirconia and the
density and cubic cells' dimensions become important parameters. They not only allow
for refinements of processing techniques for obtaining dense materials with uniform and
homogenous phase distribution but also provide a basis for the identification of phases,
structure, stabilizer distribution, porosity, and the expected material behavior in particu-
lar applications. The addition of actinides in zirconia may obviate the need for stabilizing
oxides such as Y2O3, CaO, and MgO in obtaining the cubic modification for partition-
ing and transmutation (P&T ), [65, 66, 67, 68, 69, 79, 80, 73]. For (P&C) the cubic
phase is desirable because cubic materials swell isotropically when the structure is dam-
aged by radiation. This leads to less minimum microcracking at different strains in the
microstructure in a repository [78].
Moreover, cubic zirconia (c-ZrO2) is proposed as an inert matrix for Pu fuel. Although
metastable at reactor operation temperatures (the thermodynamically stable phase being
monoclinic), a cubic phase is desirable because of its capability to form isomorphous
solid solutions with the fuel component PuO2 [61]. It is capable of forming isomorphous
solid solutions with the other actinides. In order to obtain fully stabilized solid solutions
with cubic symmetry, it is necessary to mix the zirconia with other divalent or trivalent
metal oxides (typically rare-earth oxides) as mentioned above. This would be useful not
only for conditioning but also for transmutation because the incorporation of fission and
transmutation products during burn-up may significantly affect the radiation response.
As a result, the chemical durability of cubic zirconia, the solubility and the mobility of
both fission product nuclides and actinides wastes in an embedding matrix, either mixed
oxide fuel for transmutation at high temperatures for reactor operations or for at low
temperatures in a repository for disposal, are very important.
Therefore, in this study the yttria-fully stabilized zirconia matrix has been synthe-
sized and doped with different simulants for actinide wastes, such as cerium oxide and
neodymium oxide for the purposes of immobilization of actinides in ceramics for long-
term disposal. The capability and mechanical, thermal, physical and chemical durability
of YSZ are investigated using various methods.
1.5.2 Phase stability of cubic zirconia
The cubic fluorite phase of zirconia is unstable at room temperature [76, 93]. However,
the fluorite phase can be stabilized by substituting suitable divalent or trivalent cation
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impurities in the Zr4+ ion. Oxygen ion vacancies are also introduced into the structure
to charge balance the aliovalent impurities. The resulting highly defected structure is
favorable for anionic conductivity, a property that has been extensively exploited in many
technological applications. The size of the stabilizing ion appears to be an especially
important property governing the conductivity. Thus it is important to understand the
relationship between the defect structure and the stabilizer species.
The host-phase structure depends on the composition of the sample. One factor that
determines the structure type of the crystalline lattice of the target phase is the ionic
radius ratio [75, 95]. When the difference in the ionic radii is insignificant, as in the case of
Y 3+ (r = 0.102nm) and Zr4+ (r = 0.84nm), the oxide Zr1−xYxO2−0.5x with fluorite phase
is formed, in which cation occupies the eight coordinate sites. The fluorite lattice (space
group Fm3m, Z = 4) [71, 74, 75] consists of cubic polyhedra with common edges (Figure
6). This structure is typical of actinide oxides AnO2 (An = Th,U, Np, Pu) and also of
CeO2. This structure permits the incorporation of heavy lanthanides and tetravalent
actinides such as U4+(r = 0.1nm), Np4+ (r = 0.098nm), Pu4+ (r = 0.096nm) [95].
The fluorite-type structure is preserved if the difference in the size of cations remains
below a certain critical value. Thus, according to [77, 99] the critical value of the ionic-
radius ratio (REE,An) 3+/4+ : Zr4+ is 1.253− 1.30. Therefore, the size of guest cations
with which Zr4+ (r = 0.084nm) is capable of forming an oxide of the fluorite type,
should not be larger than 0.105nm. This requirement is met for the lanthanides from Tb
to Lu, Y, tetravalent Ce and actinides from Th to Pu. For all of them fluorite-related
oxide phases were obtained. The same structure is realized in a wide range of the solid
solutions ZrO2 − (REE)2O3 − AnO2.
When the difference in ionic radii is considerable, as in the case of Y 3+ (r = 0.102nm)
, Ti4+ (r = 0.61nm)and Nd3+ (r = 0.1109nm) in [75], cations occupy different (eight or
six coordinate) sites [95]. Incorporation of larger cations into the fluorite structure causes
a loss of stability and transformation into a related but different pyrochlore structure
[8]. The critical content of large cations of light lanthanides in a cubic ZrO2- based
solid solution is several percent, decreasing from Sm3+ (r = 0.108nm) to La3+ (r =
0.116nm). Gadolinium (III) (r = 0.105nm) is a special case: gadolinium zirconate
can form both the fluorite and pyrochlore lattice, as was demonstrated for the phases
(Zr0.5Gd0.5)O1.75and Gd2Zr2O7 respectively [97]. The disordered fluorite structure is
stable above 1600 − 1900oC. At lower temperature it transforms into the pyrochlore.
The pyrochlore structure (space group Fd3m, Z = 8) represents a doubled cell of the
fluorite type, in which a half of the structural polyhedra have two vacant anionic sites
along the long diagonal [75]. As a result, an octahedron is found instead of a cube, and
the formula V IIAIV4 O8 (quadruplicate fluorite unit) transforms into V IIIAV I2 BIV2 07. Such
a lattice is typical of a series of natural minerals, primarily tantaloniobates, and also of
many artificial phases with the general formula V III(A1, A2)V I(B1, B2)O7 for example;
Nd2−xYxZr2O7 in current study. Occurrence of two structural sites occupied by cations
of various charges and sizes makes pyrochlore a promising matrix for radioactive wastes.
In the current study, a pyrochlore is realized with Nd3+ (r = 0.1109nm).
It was mentioned [18, 45, 62, 75, 77, 80, 99, 100, 101] that the stability of the pyrochlore
phases depends to a critical extent on the size of cations occupying the six- and eight-
coordinate sites. The stability range covers the structures with a ratio of the ionic radii of
elements occupying the six- and eight-coordinate sites from 1.25 to 1.80, and the maximal
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 Figure 7: Pyrochlore phase (space group Fd3m,Z = 8) [98]
stability is attained at the values from 1.55 to 1.65, which corresponds to the minimal
Gibbs energy of the formation of compounds of this structural type. With this ratio
outside of the indicated range, the pyrochlore structure is unstable.
Particularly, for rare earth (REE)-containing pyrochlores the radius of an octahedrally
coordinated cation should be within the range 0.055− 0.075nm. This range covers such
cations as Ti4+ (r = 0.060nm), Sn4+ (r = 0.069nm), Hf 4+ (r = 0.071nm), and Zr4+
(r = 0.072nm). Results obtained on the stability of REE-containing pyrochlore phases
allows prediction of the stability of similar phases with incorporated trivalent actinides
(Pu3+, Am3+, and Cm3+)[75].
Taking into account data on their radii in [95], one may expect the existence of at
least four pyrochlore phases with Cm (with Ti4+, Sn4+, Hf 4+, and Zr4+ in the eight-
coordinate sites) and of three phases each with Am and Pu. In contrast to Cm, Pu3+
and Am3+ titanates crystallize in the monoclinic system [102], similar to titanates of light
REEs. This is due to the fact that their cations are larger than it is necessary for the
formation of a pyrochlore phase.
The EXAFS (Extended X-ray Absorption Fine Structure Spectroscopy) technique
also allows the local atomic structure be probed and thus potentially offers the possibility
for direct investigation of the defect structure on the oxygen sublattice of cubic zirconias.
Catlow et al and B.W.Veal et al [93, 103] have reported EXAFS studies for yttria-
stabilized zirconias. Catlow et al [64, 65, 66, 67, 68, 69, 79, 93, 101, 103] have reported
Zr and Y K-edge studies for a Zirconia containing 18 wt% of Y2O3. The local structural
environment of Y 3+ and Zr4+ in 18 wt% Y2O3-stabilized zirconia was studied by EXAFS
over the temperature −120 to 770oC. The measured cation-oxygen distance reflects those
of parent oxides, with the mean Zr − O distance 0.017nm being shorter than the Y -O
distance.
The spread in the Zr-nearest neighbour and Zr-next-nearest-neighbor is considerably
larger than was observed for Y 3+. This result can be attributed to the main vacancies
being preferentially sired adjacent to the smaller Zr4+ cation, which, with ensuing re-
laxations, permits a closer contact between Zr4+ and its oxygen neighbours. Thus, the
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structural environment of these Zr4+ ions resembles that of the 7 coordinated Zr4+ in the
monoclinic zirconia. Increasing the temperature of the sample results in the local struc-
tural environment of two cations becoming more alike, suggesting that increased anionic
mobility leads to an increasingly random distribution of anion vacancies.
1.5.3 Simulations elements for incorporation in cubic zirconia
Neodymium oxide is used as a simulant element for trivalent actinide oxides in synthe-
sized yttria stabilized cubic zirconia ceramic forms in the current study due to its single
oxidation state and ionic radius of Nd3+ (1.109 A) which is mostly similar to the trivalent
actinide oxides with a cation radius of americium Am3+ (1.09 A) in 8 coordinate system
[7, 95, 105].
Cerium oxide is used as a simulant element for tetravalent actinide oxides in the present
study. Its chemical behaviour is similar to PuO2. The property of CeO2 is high oxygen
ionic conductivity at low temperature, and have 7.3g cm−3 density, 172.12 molecular
weight, of 1950oC melting point, of 7.45× 10−6 linear thermal expansion coefficient.
1.6 Properties of zirconia ceramics
1.6.1 Chemical durability of zirconolite and titanate ceramics
Among the actinide-bearing titanates, the monoclinic zirconolite CaZrT i2O7 and py-
rochlore Gd2Ti2O7 are the most important. The monoclinic Zirconolite CaZrT i2O7 is a
structural derivative of isomertric pyrochlore structure and has five distinct cation sites,
permitting a wider variety of cations different charges and ionic radii to be accommodated
than in cubic pyrochlore. Moreover, a particular cation may enter more than one site in
zirconolite. In zirconolite, Ca2+ is 6-8 coordinated, Zr4+ is 7-coordinated Ti4+ is 5-6
coordinated.
However, the incorporation of multivalent waste ions, such as actinides or rare earth
(including Ce and Nd, which are frequently used to simulate actinides) presents additional
challenges. A valance change will not only alter the charge compensation but also lead to
a change in ionic size which in turn may restrict the sites to that ion substitute. These
effects for zirconolite and perovskite have been discussed by Begg at al [104].
Pyrochlore, zirconolite, brannerite all exhibit a minimum leaching rate at a pH of 8.
In the systematic study of the dissolution kinetics of pyrochlore, zirconolite, brannerite
UTi2O6 at pH = 2 − 12; and a temperature of between 25 − 75oC Roberts et al [106]
found that pyrochlore has a slightly higher leaching rate than zirconolite.
At 75oC, the leaching rate of pyrochlore was one order of magnitude grater than that
of zirconolite, but at a pH of 8, leach rates are identical less than 10−5 gm−2d−1 (based on
the U release to the solution). Zirconolite is less sensitive to leaching in acid media than
pyrochlore, although at pH = 7− 8 the Pu leach rates appear to be identical at 90oC.
Although the dissolution mechanism may change as a function of pH and temperature,
the low release rates, which further decrease with time, are attributed to the formation of
a layer of TiO2 which becomes diffusion layer. The chemical durability decreases in the
order of titanate compounds > zirconolite > pyrochlore > brannerite UTi2O6 [106].
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Yang et al [107] used the product consistency test under static conditions at 90oC for
7 days in deionized water with a surface area to volume ratio of 103m−1 to determined
the leach rate of pyrochlore with rich titanate 85 % CaUTi2O7. The normalized mass
loss rates in 85 % CaUTi2O7 were (based on the Ca) 10−3 (Ca), 10−6 (Ti), 10−7 (Nd, U)
gm−2d−1 [14].
Shoup et al [108] investigated the leach rate of titanates, doped with Ce, Er and
Pu in brine, (0.1MNaCl) which was taken to be representative of fluids for transuranic
waste repository in New Mexico. The results are comparable to the calculated results for
Pu 10−6 gm−2d−1. Again, the chemical durability of zirconolite was found to be slightly
higher than pyrochlore.
Zang et al [109] used the single pass flow through test (SPFT ) at 70oC, pH = 5.6,
flow rate 14ml/d, over more than 150 days to study the leach rate of powder samples of
two Pu-doped pyrochlores. The normalized leaching rates obtained were 1−10−1 gm−2d−1
(Ca), 10−4 gm−2d−1 (based on U, Gd, Ti), 10−6 − 10−5 gm−2d−1 (based on Hf,Pu).
Icenhower et al [110] also used the single pass flow through test (SPFT ) at 90oC,
pH=2-12, flow rate 2, 5, 10ml/d to measure leach rates for the Lu2Ti2O7 and Gd2Ti2O7,
as well as some compositionally complex pyrochlores. Leach rates for pyrochlore were in
the order of magnitude 10−4−10−5 gm−2d−1 (based on Lu,Gd and Ti release). There are
among the relatively few leach rate data available for the actinide-doped pyrochlore.
1.6.2 Chemical durability of zirconium bearing waste forms
Recently, there has been great interest in zirconate pyrochlores, such as Gd2Zr2O7, be-
cause of their high resistance to radiation damage. However, there is only limited data
available on the chemical durability of zirconate pyrochlores.
Kamisono et al [126] investigated the chemical durability of three Zr-bearing waste
forms: ZrO2, La2Zr2O7, CaZrO3. The experiments were conducted at 90oC and 150oC,
under static condition using deionized water for 32 days. The La2Zr2O7 pyrochlore
showed a leach rate of less than 10−4 gm−2d−1 (based on the impurity elements: Ce
(1.3 wt %), Nd (2.08 wt %), and Sr (0.53 wt %) and less than 10−6 gm−2d−1 (for Zr).
The low leach rates for Zr were thought to reflect the larger bond energies of (Zr − O)
over those of (La−O) and (Ce−O) in the pyrochlore structure. However, the leach rate
decreased to 10−5 gm−2d−1 under alkaline conditions at (90oC, pH = 10).
Icenhower et al [127] studied the binary Gd2(Ti1−xZrx)2O7, where (x = 0.0, 0.25, 0.50,
0.75 and x = 1) using (SPFT ) apparatus at 90oC, pH=2. The pure-end member compo-
sition, Gd2Zr2O7, had disordered as defected fluorite structure. The bulk samples were ex-
posed to ion bombardment to simulate radiation damage and were tested under annealed
and unannealed states. The leach rates were (2.39 × 10−3 gm−2d−1) for the annealed
sample (1.57 × 10−2 gm−2d−1) for the un-annealed samples and (1.12 × 10−1 gm−2d−1)
for ion-bombarded samples in the pure Gd2Ti2O7 respectively. The increase of two-
orders of magnitude in the leaching rate parallels the increase in damage accumulation
of the ion-bombarded samples. The dissolution rate of (Gd2Ti2O7) is very sensitive to
different structural states. With an increasing Zr content in Gd2(Ti1−xZrx)2O7, there
was a decreasing difference between the damaged and undamaged sample, because the
structure of Gd-zirconate is the same for both the irradiated sample and annealed sam-
ple. The most dissolution resistance phase is Gd2(Ti0.25Zr0.75)2O7, with leach rate of
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1.33× 10−4 gm−2d−1.
The pure end-member Gd2Zr2O7 yielded rates almost equal to that of crystalline
Gd2Ti2O7. Although there is a great need for more systematic studies of the leaching rate
of Gd-zirconate pyrochlore, Edwing et al [30] suggested that Gd2Zr2O7 and Gd2Ti2O7
are of comparable chemical durability.
Solubility of m-zirconia in repository conditions
Due to groundwater assessment of waste in a repository, degradation reaction could
start and release of radionuclides can occur. In contact with an aqueous phase at low
temperatures (313−333K), cubic zirconia can be transformed into its monoclinic modifi-
cation (m-ZrO2), which is the stable phase at low temperature. Thus, it can be assumed
that a thin surface film of monoclinic zirconia is formed on the surface of the waste matrix
[2]. The release of dissolved radionuclides from a repository depends on many transport
and chemical parameters [37, 128].
E.Curti and W.Hummel [28, 115] have examined the solubility of zirconia in a typical
radioactive waste repository environment. The available thermodynamic data focus on
the influences of carbonate complexes as controlling factors in the kinetic behaviour of
waste matrix.
The solubility limit of m-zirconia was also experimentally and theoretically studied
by Adair et al [130] over a wide temperature range (298 − 573K) and pH lower than
4 and larger than 11. In both acid and alkaline solutions, high Zr concentrations were
determined in the range between 10−6 and 10−3M .
The solubility limit of monoclinic zirconia in the intermediate pH region was merely
extrapolated and recommended through speciation calculations based on the available
thermodynamic data by Adair et al [130] and Baes and Mesmer [128]. According to their
data, the Zr(OH)−5 complex dominates over all hydroxide species at the above pH ∼ 6.
The value calculated by Adairs et al predicted very low solubility (10−11 − 10−9M) for
m-ZrO2 in the interesting pH region (pH ∼ 7− 9) for waste disposal and the thermody-
namic data which results in a very high solubility limit of baddeleyite (m-zirconia) in the
near neutral pH region (about 10−3M at 298K, found by Aja et al [115] are incoherent.
According to above these authors, the predominating hydroxide species is Zr(OH)o4. The
high solubility limit which is many orders of magnitude above the value calculated by
Adair et al [130], follows from the large value selected by Aja et al [115] for the cumula-
tive formation constant of Zr(OH)o4 (logβ04,0H = 54 vs 46.3) as extracted from Baes and
Mesmer's compilation [128].
Zr with a carbonate complex
Aja et al [115] reviewed the complexation of Zr with various inorganic ligands such as
(F−, SO2−4 , NO3−, Cl−). Due to the low to moderate concentrations of these ligands in
the ground water percolating through the granitic rock basement in Germany (Table 1: for
Composition of GM,MTW ) such complexes will certainly be significant in a repository
environment like the Swiss crystalline basement.
The dissolution experiments with the material welogranite (Na − Zr − Sr hydrous
carbonate), were done by Aja et al [115] and yielded high equilibrium Zr concentration
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of about 10−4M at pH ∼ 8. In addition, Joao et al [131] prepared a stable solution of Zr
concentration ∼ 10−3M in the presence of 0.5− 1M total carbonate at pH ∼ 10. Finally,
spectroscopic studies indicate unequivocally the existence of Zr carbonate complexes [63].
However, there is considerable disagreement about the stoichiometry of Zr carbonate
complexes. Joao et al [131] assummed that mononuclear tetrameric species Zr(CO3)4−4
are formed, whereas Karlysheva et al [63] assumed the existence of a ternary complex,
Zr(OH)2(CO3)
0, in addition to the dimeric species Zr(CO3)o2. Joao et al [131] determined
the equilibrium constant for the following reaction:
Zr(OH)2+2 + 4CO3 ⇐⇒ Zr(CO3)4−4 + 2(OH)− (10)
and obtained log K=39.95. Their determination is based on the comparison of the
Zr −CO3 complexation reactions with competing reaction involving a concurrent ligand
(Zr − EDTA). The dominant species produced through hydrolysis is Zr(OH)2+2 . The
formal derivation of the constant reported above also showed that the formation of the
mixed complexes Zr(OH)EDTA− and Zr(OH)EDTA2−2 was neglected [28].
Due to this uncompleted assumption of Joao et al, E.Curti et al [28, 131] are more
focused on the determination of the stability constant for Zr-carbonate complexes. They
made some predictions based on the results of tetravalent actinides, which are the best
available analogues of Zr(IV ), as no reliable data on the complexation of Ti(IV ),Hf(IV ),
Ce(IV ) with carbonate exists.
The analogy between tetravalent actinides and Zr(IV ) is suggested for identical redox
states, similar electronegativities (Zr4+ = 1.3, Th4+−Pu4+ = 1.3− 1.7 on Pauling scale)
and marked similarities in chemical behavior. For example, both Zr and tetravalent
actinides are strong Lewis acids that undergo strong hydrolysis. In addition, both form
hydrous carbonates [132]. However, the ionic radii differ considerably between the Zr4+
ion (Zr4+ = 0.72A) and actinide cations (An4+ = 0.8− 0.94A for CN = 6 ), which could
lead to significant differences in the coordination chemistry in these metal ions [28].
E.Curti et al [28] have applied and analyzed the available data for actinide(IV)-
carbonate complexes and estimated the strength of Zr -carbonate complexes. There are
two independent investigations on complex formation with carbonates for Th,(E.Oesthols
et al [133] and A.R.Felmy et al [134]) which indicate that the increase in Th concentration
observed in carbonate solution is the best modelled by assuming the formation of pen-
tahydroxide Zr(OH)−5 , Th(CO3)6−5 and a mixed complex (Th(OH)3CO−3 . U.Berner et al
[132] investigated the compilation of the stability constant also for U(IV ) and Pu(IV )-
pentacarbonate complexes, as well.
It was found that the stability of carbonate complexes increases with a decreasing ionic
radius. The value of the formation constant of the pentacarbonate complexes increases in
the sequence Th4+ (0.94A), U4+ (0.89A), Pu4+ (0.86A) (for CN = 6) from logβ05,C = 32.2
to 39.0 in [28]. The same trend was observed for the first and fourth hydrolysis constants,
which also increase in the sequence Th4+ − U4+ − Pu4+.
From the linear regression, E.Curti et al [28] derived the value of logβ05,C = 38.2 for the
formation constant of Zr(CO3)6−5 using logβ04,OH = −9.7 for the fourth Zr(IV ) hydrolysis
constant in the correlation between formation constants of tetrahydroxide logβ04,OH and
logβ05,C pentacarbonate complexes for three actinides in Figure 1 [2]. 1039 is the best esti-
mate for the stability constant of the Zr-pentacarbonate complex taking the uncertainty
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involved in the extrapolations into consideration and this vale is close to the formation
constant of Pu(IV )-pentacarbonate complex (1039).
In the empirical correlation among the stability constants of Zr and Th complexes
formed with organic and inorganic ligands [129], the constants are linearly correlated and
the resulting regression is given by the following equation:
logK1(Zr complex) = 1.1(±1.5) + 1.15(±0.07) logK1(Th complex) (11)
From this equation, one can obtain logβ05,C = 38.2 ± 3.8 as the stability constant
for Zr(CO3)6−5 , using logK(Th complex) = 32.3 for the Th(CO3)6−5 . Therefore, the upper
limit of this estimation logβ05,C = 38.2 ± 3.8 is assumed to be the maximum effect of
Zr-pentacarbonate on the solubility of zirconia which refers to the monomeric species in
[28].
A reciprocal correlation was found for stability constants of the formations of monomeric,
dimeric, trimeric complexes of many metals with oxalate [129]. A.R.Felmy [134] proved
that the stoichiometry and coordination of the actinide (IV)-carbonate exist for Th.
EXAFS analysis indicated that highly charged bidentate Th(CO3)6−5 , complex effec-
tively exists at a bicarbonate concentration above 0.1M . At a lower concentration, the
Th − O distance shrink and the coordinate number (CN) decreases from 10 to 8 for
oxygen. The formation of a mixed hydroxide-carbonate complex is therefore suggested.
E.Curti et al [28] considered that the bicarbonate concentration in the repository
environment would not exceed 0.1M due to the smaller radius of Zr4+. The existence of
an analog species with stoichiometry Zr(CO3)6−5 and bidentate binding was not observed
and the use of a purposed constant for the formation of Zr(CO3)6−5 can be justified for
the estimation of the ZrO2 solubility in the presence of carbonate in the modelling of
Zr-carbonate complextion. Furthermore, in this model, the total Zr concentration in the
solution is given by the sum of the molar concentrations of the dominating species such as
Zr(OH)5, Zr(CO3)6−5 and Zr(OH)3(CO3)−, under restricted conditions at the pH range
of 7-9, carbon dioxides pressure (pCO2) < 1kPa and ionic strengths (I) not exceeding
0.1M based on the reactions in auxiliary equilibria for m-ZrO2 [28] shown in Table 1.
When Figure 3 is plotted [130], the predicted effect of carbonate complexes on the
solubility of zirconia at pH 9 is ionic strength (I = 0.08M). E.Curti et al [28] indicate
that a significant increase in ZrO2 solubility due to the formation of carbonate complexes
will occur at a carbon dioxide partial pressure greater than 10−1.5kPa, a value which
corresponds to normal atmospheric conditions.
The predicted maximum effect is an increase in the solubility of zirconia to 10−6M by
using logβ05,C = 42 for the maximum effect. However, by using the best estimation for
the stability constant of Zr(CO3)6−5 (logβ05,C = 39), a much smaller effect was expected
at the low solubility level (less than 10−8M).
Both predictions agree with the solubility results obtained from the experiments being
with synthesized yttria-stabilized cubic zirconia incorporated with neodymium oxides and
cerium oxides as simulated wastes. In the present study, the different synthetic repository
test conditions were (pH ∼ 7− 9) deionized water, granitic water and Mount-Terri water
at a temperature of 90oC.
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Table 1. Summary of equilibria and constants used to calculate the solubility of mon-
oclinic zirconia
Reaction Equilibrium constant Ref
Primary equilibria
(a) CO2(g) +H2O = H2CO03 logK1 = −1.47 [17]
(b) H2CO03 = HCO−3 +H+ logK2 = −6.4 [121]
(c) HCO−3 = CO2−3 +H+ logK3 = −10.3 [121]
(d) m− ZrO2 + 4H+ = Zr4+ + 2H2O logK05;0 = −1.9 [115]
(e) Zr4+ + 5H2O = Zr(OH)−5 + 5H+ log05;OH = −16.0 [115]
(f) Zr4+ + 5CO2−3 = Zr(CO3)6−5 logβ05;C = 32.3 to 42.0 [119]
(g) Zr4+ + 3H2O + CO2−3 = Zr(OH)3CO−3 + 3H+ logβ0M = −0.53 to 1.95 [119]
(h) H2O = H+ +OH− logKw0 = −14.0 [121]
Auxiliary equilibria
(i)Zr(OH)−5 + 5H+ + 5CO2−3 = Zr(CO3)6−5 + 5H2O logβ05;C = 48.3 to 58 -
(j) m− ZrO2 + 3H2O = Zr(OH)−5 +H+ logK0s;5 = −17.9 -
(k) Zr(OH)−5 + 2H+ + CO2−3 = Zr(OH)3CO−3 + 2H2O logβ0M = 15.5 to 18.0 -
Additional hydrolysis equilibria
(l) Zr4+ + 4H2O = Zr(OH)04 + 4H+ logβ04;OH = −9.7 [115]
For the tests yttria-stabilized zirconia (Y SZ) was used, as it is one of the important
candidates for the inert matrix, as well as for high-level waste form. The solubility and
kinetics of yttria stabilized cubic zirconia or cubic fluorite and pyrochlore phases incorpo-
rated together with simulating lanthanides are determined in the different solvents under
test conditions by expressing the dissolution rate as a function of time in the present study.
The leaching mechanism of cubic zirconia will be discussed and compared to m-zirconia
with a pH of interest for repository conditions.
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2 General preparation and characterization methods
Nanocrystalline ceramics are suitable for different applications due to their atomic or crys-
tallographic structure and microstructure (e.g high surface area, high volume fraction of
atoms in interfaces). The resulting properties of superplasticity and catalytic activity are
influenced by the processing route for the final products e.g. ceramic joints, eletroceram-
ics, advanced ceramic matrices. Moreover, advanced ceramic matrices for catalysis, porous
ceramics for ultrafiltration or the accumulation of gases, such a helium gas originating
from nuclear decay or a dense membrane in sensors or solid oxides fuel cells (SOFCs),
have great advantages over the conventional materials in the scientific and technological
developments in nuclear waste management for partitioning-transmutation (P&T ) and
partitioning-conditioning (P&C) scenarios [15, 35].
A crystal structure is formed at about 100 atoms and the macroscopic melting point is
reached for clusters with 1,000 atoms in pure clusters, whereas in semiconductor crystals
up to 10,000 atoms are necessary if the optical excitations are to be similar to that of the
bulk. Nanocrystals are located in the regime between molecular clusters and crystals of
micrometer size. They are characterized by an interior component, structurally identical
to a corresponding bulk solid and distinguished by a substantial fraction of atoms on
the crystallite surface. In this study, the microstructure, crystallographic phase, and
mechanical and physical properties are correlated as controlling factors for assessments
of chemical durability. The properties of the synthesized matrix are influenced by the
local structure and distribution of dopants: neodymia and ceria as simulanting actinides
wastes and yttrium oxide, as a stabilizer.
In high-performance structural ceramics, properties include extreme hardness and high
mechanical toughness at high temperatures, good heat conductivity, and good chemical
and corrosion resistance. Powders of small grain size, narrow size distribution, low agglom-
eration and high purity are required for the production of solid nanocrystalline materials
and the exploitation of size effect in application. Additionally, the investigated process
should provide high production rate, large yields, and the possibility of a scale-up. It
should also be applicable for a large variety of chemical systems. However, it is usually
difficult to achieve a low degree of agglomeration at high particle number concentrations.
Therefore, additional processes, such as drying, calcination, grinding steps etc must be
investigated to promote the primary synthesized powder, for its desired applications play
a very important role in powder metallurgy.
2.1 Fabrication methods for the ceramic powders
The synthesis of nanocrystalline powders is performed using a variety of methods, such
as the plasma spray method, gas condensation method, sol-gel method, glycerol method,
co-precipitation method, modified chemical vapor deposition (CVD) method often also
called chemical vapor Synthesis (CV S). The CV S process parameters are adjusted to
produce the ultra fine particles instead of films. CV S allows grain size be controlled along
with chemistry at the interfaces on the molecular level at the time of powder synthesis.
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2.1.1 Sol-gel method
The gel precipitation process allows the production of mixed oxides with high homo-
geneity. Using the sol-gel method, single phases can be achieved at low temperatures
and nanocrystalline particles can be easily obtained. Ultra-fine powders prepared by the
sol-gel method allow the sintering of the samples into highly-dense ceramic pellets at a
significantly low temperature of 1, 400oC. The precipitation of the materials must be
controlled by the addition of nitric acid. A carefully controlled [H+]: Ce(IV ) mole ratio
must also be used to yield a stable solution at pH ∼ 3.3. The transformation of sol to gel
is time consuming over a period of two days [136, 137].
2.1.2 Solid state methods
This technique is used for the preparation of multi-component oxides, carbonates and
hydroxides, which are blended together and then wet or dry-milled. The mixture is then
repeatedly calcined and mechanically ground to help complete the reaction. This method
can be used for compaction of the powder and to increase the rate of the reaction before
sintering [138].
2.1.3 Glycerol method
One of the simplest methods of fabricating the ceramic powder is synthesis by glycerol
method, in which the respective nitrate solutions are mixed and then a calculated quan-
tity of glycerol is added. The contents are heated on the hot plate to start the reaction
and evaporated. Once the water is completely evaporated and the reaction temperature
increased, reaction becomes vigorous and finally, a dark brown pasty mass remains evolv-
ing NO2 and CO2 gases. This method is not suitable for preparation involving unstable
oxides in air such as UO2 [138].
2.1.4 Co-precipitation method
Wet chemical procedures require little capital investment and enable the production of
relatively large quantities of powders. Nevertheless, one drawback of this technique is
that most of the synthesized powders are amorphous and may in some cases, require
calcination prior to compaction.
The precipitation method is mainly chosen because it is a simple technology that pro-
duces enough synthesized powder, which can be adapted to suit a mixture of phases of
adequate composition. It is also easy to control the mechanisms of the reaction and the
materials obtained can be predicted with given compositions. Moreover, this is a chemi-
cally clean technology, capable of producing materials with a small amount of impurities
(mainly controlled by the amount of impurities in the initial chemicals).
However, to provide additional investigation processes of synthesis, drying, calcination,
grinding, pressing and to primary powder with given properties and sintering mechanism
of compaction of this powders are very important sectors in advanced ceramic powder
technology. This method has been applied for the powder preparation in the current
study.
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2.2 Calcinations
Calcination refers to the heating of inorganic materials, which is a common and important
step in the fabrication of a wide range of oxide ceramics, as it is used to improve the
processing characteristics in operations, such as powder compaction and sintering. Since
during calcination products are aggregates, other additional methods such as grinding to
get ultra-fine powder for the compaction of powder are needed, before the sintering stage
for the final product with full density and good grain microstructure.
2.3 Compaction of the nanoceramic powder
Uniaxal pressure, isostatic pressure, hot casting method and cold pressing are widely used
for the compaction of the nanoceramic powder.
2.4 Sintering of nanoceramic solid materials
Although nanosized powder can be synthesized using various methods, the consolidation
into a fully dense powder without significant grain growth still remains a challenge. The
presence of agglomeration is the most limiting factor for the sintering of many ultra-fine
powders to full density (Yan 1991) [35].
During compaction, these agglomerates behave as large entities and introduce a wide
variation in pore size. Depending on different rates of pore closure during densification,
larger pores may develop into a porous microstructure (Kengery et al 1976)[35]. The
pores can only be removed by a long sintering time and at high sintering temperatures,
which leads to exaggerated grain growth.
Even for high-quality products with weakly-agglomerated or non- agglomerated pow-
ders, special efforts must be undertaken to suppress grain growth, while completely densi-
fying the ceramic materials. In the processing of conventional materials, optimized firing
cycles, hot pressing methods or dopants are used to promote densification over sintering.
Sintering is the most important step during powder processing and determines the
properties of the final product. The powder characteristics influence the microstructure
and the processing ability of the final product.
During the sintering stage, an energy excess of the compacted powder can be reduced
using two mechanisms: grain growth and densification. The sintering mechanism, the
driving force for densification is the decrease in free energy change by a decrease in surface
area which lowers surface free energy by eliminating solid vapor interfaces and formation
of new solid-solid interfaces with lower energy. The driving force for grain growth is the
decrease in the free energy with a disappearing radius curvature for small grains, while
large grains grow. The driving force for grain growth and densification are of a similar
nature and can only be kinetically separated (Chiang et al 1997; Kengery et al 1976) [35].
Densification occurs if the material is transported from the grain boundary to the neck
at the intersection of the pore and the boundary. The criterion for the shrinkage is that
the pore size is smaller than the grain size. This is called "critical pore size", where the
pores have a concave shape and a low number of coordinated neighboring grains.
In the initial stage of sintering, the number of particles contacts increase, neck forma-
tion occurs and the pore volume shrinks. In the intermediate stage, grain boundaries and
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smooth, continuous pore channels are formed and the material densifies. In the final, stage
isolated, closed, spherical pores are formed and coarsening may occur (GERman1991). In
the final stage of sintering, grain growth can be described by following equations:
d4 − d4o ∝ wDsγb t/kT (1− ρ)4/3 (12)
and resulting densification by
ρ− ρo ∝ Dlγs t/(kTd3) (13)
where,
Ds, Dl - diffusion coefficients,
γb - grain boundary interfacial,
γs - surface enthalpy,
w - grain boundary width,
d, do - grain size,
ρo - initial density,
t - sintering time,
k - Boltzmann constant,
T - sintering temperature.
Equations (12) and (13) show that the kinetics of grain growth and densification are
coupled.
2.4.1 Sintering processes
The time-temperature route of processing (the firing schedule or sintering programs) plays
an important role in sintering. High density with limited grain growth can in principle
be achieved by a long sintering time at intermediate temperatures as well as by rate
controlled sintering or a short sintering time at high temperatures at first firing. The
activation energy for the lattice diffusion is usually larger than the activation enthalpy
for the grain boundary diffusion, which in turn is usually larger than activation enthalpy
for surface diffusion. Therefore, short sintering at high temperature may be beneficial
in producing ultra fine ceramics. Densification of nanocrystalline ceramic powders is
frequently accompanied by strong grain growth and limiting the possibility to produce
fully dense, ultrafine grained material. For example, Yan et al (1991) [35] has found
several connections between properties of powder and their different resulting behaviours.
In different studies, it has been shown that grain growth is limited as long as open
pores are available and that it is accelerated in the final stage of sintering by Liao et al
[35].
According to the model in Kanters et al [35], a fine-grain dense microstructure in
the sintered body can be achieved if grain growth is dominated by the intrinsic grain
boundary mobility at low, initial grain sizes. Then, fast-firing is beneficial for obtaining
dense fine grain ceramics if pore drag is the controlling coarsening mechanism and the
activation energy for densification is larger than that for coarsening. As well as the use of
special firing schedules and the application of external pressure, powder can be chemically
modified using grain growth inhibitors, which limit grain growth during sintering.
48
2.5 Methodologies for the analysis of powder
The characteristics of a powder with ideal characteristics for the formation of dense
nanocrystalline ceramics were expressed by Yan (1991) [35]. In fact, powder with a
small particle size can be used at low sintering temperatures and times. Its narrow size
distribution brings no anomalous grain growth or homogeneous microstructure to final
product. Furthermore, powders without agglomeration promote not only the high final
density at a small grain size but also a homogeneous microstructure. In addition, equiaxed
particle shapes act as a particle rearrangement, providing high density and high purity.
Homogeneously distributed dopant in powders showed up as a grain growth inhibitor.
A simple way of characterizing the powder is by using a single parameter expressed as
"particle size" (Baron and Willeke 1993)[35] and its feature of particle size distribution.
The morphology of the particles can be described using fractal theory (Schaefer and
Hurd 1990) [35] which distinguishes between "primary particles", as the smallest discrete
objects, and "secondary particles". The "secondary particles" are called agglomerates
or aggregates depending on the type of force that holds the primary particles and the
secondary particles together. Agglomerates consist of primary particles weakly bonded
by van der waals forces and in aggregates, the primary particles are bonded more strongly
e.g. by chemical bonds or sintering necks. Therefore, particle size distribution is used to
determine the agglomerating uniformity.
In powder metallurgy, the assessment of a synthesized powder's characteristics, such
as, particle size distribution is measured by optical microscopy, transmission electron
microcopy (TEM), granulometry or indirect value calculated from the specific surface
area measurement by BET .
2.5.1 X-ray powder diffraction method (XRD)
The grain or crystalline size of ceramic powders dXRD are determined by a value calculated
from the XRD line broadening using Scherrer's formula:
dXRD = Kλ/βcosθ (14)
where,
β = b− bs - the difference of the width,
K - shape constant assumed as 1,
λ - the wave length of X-ray (0.154nm for Cu−Kα and 0.178nm for Co−Kα),
b, bs - full width at half maximum of diffraction peak of sample and standard microcrys-
talline powder respectively.
This formula can be applied if the line shape is close to Lorenzian distribution, i.e.
when the line broadening is dominated by small grain size [35]. The distribution of grain
sizes can also be obtained from a detail analysis of XRD patterns. The geometric mean
diameter can be obtained from the grain size according to the following equation by Krill
and Birringer (1998) [35] and the relative statistical error of the XRD measurements are
estimated at about 5 %:
dg = 4/3 · dXRD
exp(7/2 ln2σg)
(15)
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If the full width at half the maximum diffraction peak β is larger than twice the
distance between the peaks, the smallest grain size is determined using following estimated
equation:
dmin = 2Kλ/∆pcosθ (16)
where ∆p is the difference "a" in the position of planes of the peaks in the diffrac-
togramm of the powder. The relative degree of crystallinity Γ is estimated using the ratio
of the intensities and times height of the XRD peak of ultra fine powders to a standard
microcrystalline powder and normalized background signal and is similar to methods used
in polymer science illustrated by the equation:
Γ = hβ|o× os|hsβs (17)
where,
Γ - the relative degree of crystallinity,
β - full width at half maximum of the peak,
h - height,
o - normalized background signal offset,
s - standard.
2.5.2 Brunauer-Emmett-Teller (BET ) method
The surface area of the powders are measured by nitrogen adsorption according to a
multi point Brunauer-Emmett-Teller (BET ) method using a Quantachrom Autosorb In-
strument. Samples are degassed to remove any adsorbed species from the surface. The
particle size is dBET and is calculated from the specific area S using the following expres-
sion:
dBET = 6/ρS (18)
where,
dBET - crystalline size,
S - specific surface area,
ρ - bulk density of the powder.
The specific surface area and consequently the particle sizes are independent of the
degree of crystallinity. The crystallographic density is determined from XRD. The ratio
of the average particle and grain volume determined by BET andXRD is used to estimate
the number of grains per particles N as a measure for the degree of agglomeration:
N = d3BET/d
3
XRD (19)
where,
N - the number of grains per particles,
d3BET - grain volume determined by BET ,
d3XRD - grain volume determined by XRD.
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2.5.3 Differential thermal analysis
The changes of mass, mass loss and heating effect on powder phase transformation with
temperature gradient are measured by thermal differential analysis (DTA) or thermal
differential scanning calorimetery (DSC).
2.6 Characterizations of nanocrystalline ceramic solid materials
2.6.1 Density measurement
Superficial characterization of specimens, prior of the leach test, is required as well as the
dimension of these specimens is also determined before and after the test. The density of
the pressed and sintered pellets was measured geometrically and by Archimede's Method.
The Mass of the samples are weighed.
2.6.2 Microstructure in nanocrystalline materials
Type, crystal structure, number, shape, and topological arrangement of phases and defects
such as point defect, dislocations, and stacking fault or grain, grain boundary in crystalline
material defined the microstructure. Grains as well as pores, interfaces, and other defects
are of a similar dimension in nanocrystalline materials or crystalline solids, with a grain
size size of less than 100 nm.
This nanospecific microstructure leads to a chemical and physical size effect. The
physical and chemical properties of solid matter changes as the particle size decreases
well below the micrometer regime because of quantum size effect, surface and interface
effects and changes in the crystallographic structure. Long-range forces and comparative
phenomena are affected more by size effects than short-range interactions. The crystal
lattice of partially covalent oxides tends to transform into a structure of higher symmetry
with decreasing crystal size.
The technological development of a nanostructure can be investigated using two main
approaches: superlattices and quantum well devices (Noetzel and Ploog 1993) [35]. Three-
dimensional ultra-fine, polycrystalline microstructures (Gleiter 1992) [35], which are also
called nanocrystalline materials, are defined as polycrystalline solids with grain sizes of a
few nanometers. Grains, pores, interface thickness and defects are of similar dimensions.
This microstructure results in physical and chemical size effects. For example, the
fraction of atoms in the interface region is large at a grain diameter of the order of 10
nm (See Figure 1.1 in [35]). The ratio of the volume fractions of atoms in the grain
boundary and grains as a function of the grain size "a" for different boundary widths "b"
is estimated by a simple Brick-layer model using following equation:
Vb
Vc
=
1− a3
(a− b)3 (20)
where,
Vb - volume fraction of the grain boundary,
Vc - volume fraction of the grain added with grain boundary width,
a - grain size,
b - grain boundary width,
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c = (a+ b).
Ulta-fine grain structures in dense material are desirable because the smaller the grain
size effect, the better the mechanical properties and superpalastic behavior for shape
forming.
Size effects are usually observed when the dimension of the structural feature, e.g.
grain or pore size, is close to a characteristic length of a physical or chemical property,
e.g. Debye length, mean free path. Nanomaterial with modified properties and various
purposes can be created based on these effects for different applications such as electrical
resistivity for gas sensors, conducting species, charge carries, solid oxides fuel cells with
ceramic membrane.
Moreover, the chemical durability of ceramic materials being related to the grain size
effect and other microstructure features can be found in:
• in the pockets or tubes, such as grain boundaries, grain-grain contact, open cracks,
micro-cracks ( since fluids here actually come into contact with all areas and corre-
lation of diffusion on grain size and grain boundary)
• open pore space between grains and grain boundary (due to the fact that the geom-
etry of the pore surface at deeper levels depends on the balance between grain-grain
boundary surface energy and represents the wetting angle whereas high porosity can
decrease the burial of ceramic material)
• grain of the microstructure (deformation-induced material transfer can also occur
on the grain)
Microstructure assessments are mostly performed by SEM/EDX or TEM . The size
of the crystalline or grain, phase formation with solubility limit, lattice parameters, level
of micro-deformation measured by X-ray powder diffraction (XRD) method.
It is necessary to analyse specimens before and after the chemical durability test.
In the present study the microstructure of materials is of interest for the chemical
durability of synthesized ceramics with fluids under test conditions. Microstructure and
grain size assessments were carried out using scanning electron microscopy (SEM) mea-
surements and calculated data from (XRD).
2.7 Different leaching methods for conditioned radioactive waste
Dissolution precipitation creep is a deformation mechanism. Microstructural deformation
can also be achieved by removing material to below the transport scales. There are
sites of volume increase and volume decrease and several microstructures could result
from material transport due to applied stresses. Currently, there is no sole method of
measuring leaching parameters. It is evaluated in different ways on the basis of specific
leaching requirements. Each of the widespread leach tests has peculiarities and several
purposes, that depends as to the waste type or disposal scenarios [139].
All applied methods can, however, classified under two main operating modes: dy-
namic and static.
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In the dynamic system, the leaching solution flows continuously or intermittently. In
static systems, a defined volume of solution is renewed at fixed times or at the end of the
test. Dynamic extraction tests give information about the kinetics of element mobilization.
Static extraction protocols, agitated and non-agitated, assume that a steady state regime
is achieved at the end of the test.
There are different standardized test methods such for example IAEA,ANSI, ISO,
ASTM . Standardized test methods have different restricted test conditions which depend
on the experimental conditions of standardized leach tests [139]. Furthermore, various
descriptions of the leaching tests were observed in different institutions, for example,
ENEA, COV RA, CIEMAT , CEA, ENRESA, SCK.CEN , NGR, and NNC.
The time of the test duration is a particular distinction on purposed methods. Since
the beginning of the 80s, long-term behaviour tests have become predominant in fulfilling
the need for geological repositories.
Moreover, the results of leaching tests can be presented in different ways and units
are based on the specific purposes. For example, the International Standard Organi-
zation (ISO) standard calculates the dissolution rate of the conditioned waste form as
kgm−2sec−1, while the American Nuclear Society (ANSI) standard calculates the effec-
tive diffusivity and the leachibility index of a nuclide.
2.7.1 Basic worldwide leaching methods
Standardized leach tests [139] were applied during the past, principally for high-level
radioactive waste forms on the basis of the decreasing ratio of water volume (V) / sam-
ple surface area (S). Many countries subsequently developed variations of these original
methods. A static leaching test without leachate replacement has been proposed and de-
veloped by the material characterization center (MCC − 1) in United States. A ROUND
ROBIN Test has been used for evaluations since 1982 and a high temperature leach test
(MCC − 2), has also been developed. The MCC − 1 static test and the MCC − 5,
Soxhlet short-term test as dynamic tests, have been the most widely-used tests for HLW
matrices, especially in USA and Canada. For hot cells tests for high radioactive glass
samples in Germany, a modified Soxhlet apparatus is used.
2.7.2 Experimental set-up of static and dynamic conditions
Experiments under static conditions at elevated temperatures and pressures are usually
performed in leaching apparatus such as an autoclave and a Teflon (PTFE) leach con-
tainer, which resist high temperatures. The autoclave experiment, in Teflon-coated ves-
sels, was conducted under the following conditions: vessels capacity (200ml), pressure
(100 bar by nitrogen), temperature (200oC), and leaching time (1, 2, 4, 8, 16 days and
1, 2, 4, 8, 16, 32 months).
In the dynamic leach test, the Soxhlet apparatus used is an extractor and the sample
does not come into contact with the bulk leaching solution (pure water at 100oC and
atmospheric pressure) containing dissolved constituents. Water is boiled in a flask and
then condensed using a water or air-cooled condenser. The condensate flows down into
the specimen holder surrounded by steam. In this way, it is possible to concentrate the
contaminants in the leachate at the sample holder. This is a short-term test, which gives
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one to have an idea about the momentary (not long-term) chemical durability. Inter-
Laboratory Round Robin testing combined with a statistical analysis of the results and
specific research have been used to evaluate the applicability of leaching test procedures.
In the literature, a variety of result representations are given.
Some authors have attempted to explain the dissolution kinetics by invoking transition
state theory [140] or through a concept based on the coordination chemistry. These
authors agree that the dissolution rate of most solids is controlled by surface reactions at
the solid-solution interface with decomposition of an activated complex [141]. A rigorous
application of the rate law determined from transition state theory is only possible for
elementary reactions, as it is difficult to apply to overall dissolution reactions [142]. Thus,
the approach developed by Lasaga [142] is particular interest since all parameters in it
are macroscopic. The evaluation of leached elements from the sample is dealt with under
experimental procedures in the next chapter.
Understanding the leaching mechanism and subsequent migration is an essential re-
quirement for long-term predictions about the behavior of radionuclides within a repos-
itory. Several simultaneous factors such as dissolution, diffusion, dispersion, adsorption,
chemical reactions and the solubility of interesting elements in the liquid phase, the porous
nature, tortuousness of voids in the matrix and the nature of leaching media may con-
tribute to radionuclide migration and possible release.
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3 Experimental procedures
3.1 Materials and apparatus
3.1.1 Applied materials
• ZrOCl2 · 8H2O, Y (NO3)3 · 6H2O, Ce(NO3)3 · 6H2O and Nd(NO3)3 · 6H2O with
a purity of 99.0% were supplied by Alfa Aesar. These salts were used as initial
materials for powder synthesis in the co-precipitation experiments.
• Ammonia gas 3.8 water free from Air Liquide Deutschland GmbH was used as the
reactant gas for the co-precipitation experiments.
• Acetone and propanol were used as solvents for the mild attrition method.
• The ultra-pure water (UPW), granitic water (GW), Mount-Terri-water (MTW)
leachants were used for the leaching experiments. The chemical composition of
granitic water and Mount-Terri-water are summarized in Table 2.
Table 2. Chemical composition of solution simulation to the composition of the
disposal site
Chemical content Granitic water (mg/L) Mount-Terri water(g/L)
pH=8.73 pH=7.6
NaCl 199.77 12.380
KCl - 0.12
NaF 25.33 -
Na2CO3 124.4 -
NaHCO3 392.38 0.05
MgCl2 · 6H2O 50.4 3.436
CaCl2 · 2H2O 12.3 3.788
SrCl2 · 6H2O - 0.134
CaSO4 · 2H2O 42.36 -
Na2SO4 402.73 2
B(OH)3 3.4 -
• Argon gas was used in the leaching experiment to prevent the carbonate formation
of zirconia from the leached sample.
• Nitric acid (1M HNO3) prepared from concentrated 65% extra pure provided by
Merck, was used to prevent precipitation in the leachate sample, having taken it out
of the experiment.
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3.1.2 Apparatus facilities
• Drying oven, T12 Heraeus Instrument, with a heating capacity from room temper-
ature up to 250oC
• Calcination oven, M110 from Heraeus Service, with a maximum temperature of
1, 100oC
• Mortar grinder, KM100 from Retzsch, for dry or wet grinding by attrition of powder
up to 1µm
• Optical microscope, coupled with a particle size determination program based on
photography analysis (ZEISS KS300); reliability of measurements up to 2µm
• Laser Granulometer Quantachrom-Cilas 920; resolution located between 0.3 and
100µm
• Centrifuge Hettich EBA 8S
• Netzsch STA 449C Jupiter apparatus for thermogravimetry (TG) and differential
scanning calorimetry (DSC) investigations. The powder sample is placed in a plat-
inum plate and heated with a chosen heating rate in a chosen atmosphere up to
1, 400oC. The mass and calorimetry of the system is measured continuously.
• BET (Brunauer-Emmet-Teller) with Quantasorb sorption system (Quanta-chrome
corporation system) for the measurement of the specific surface area of the powder
• The uniaxial, an Oelglass pressed type MP12, at room temperature for powder
compaction in the pressure range (20 kN - 80 kN)
• High temperature furnace Linn HT 1800, with M. Molybden heating elements, max-
imum temperature of 1, 750oC
• Scanning electron microscope (SEM) (JEOL JSM-840) coupled with an energy dis-
persive X-ray analyser (EDX)
• Anton Paar MHT 10 Vickers indenter, which can apply a load up to 4 N, and
connected with the optical microscope
• Soxhllet apparatus to hold the sample in the 500ml volume of distilled water for
the dynamic (MCC − 5) experiment at 100◦C
• Glass vessels to sustain the leached sample and 60ml volume of the (distilled water,
granitic water, Mount - Terri - water) leachants for the static (MCC−1) experiments
at 90◦C
• pH meter-691 from Metrohm, 3M KCl with a pH measurement capacity between 0
and 14, temparature range 0oC and 80oC
• Inductive Coupled Plasma Mass Spectrometry (ICP-MS), Elan 6100 DRC for the
analysis of inactive elements (ng/L untill mg/L) in aqueous samples
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3.2 The powder for the ceramics
3.2.1 Synthesis of matrix and ceramic powders
The co-precipitation method was used for the synthesis of the yttria-stabilized zirconia
(YSZ) matrix (ZrY )Ox.
ZrOCl2 · 8H2O, Y (NO3)3 · 6H2O, Ce(NO3)3 · 6H2O, Nd(NO3)3 · 6H2O from Merck,
Darmstadt, Germany were used for the synthesis of the powders.
Additionally, ceria oxide (CeO2) and neodymia oxide (Nd2O3) have been chosen as
simulants for minor actinides (Pu, Am, Cm) . Ce has chemical and physical properties
comparable with tetravalent actinide oxides, such as Pu, and Nd is the representative for
trivalent actinides like Am and Cm.
ZrOCl2 · 8H2O, Y (NO3)3 · 6H2O and Ce(NO3)3 · 6H2O or Nd(NO3)3 · 5H2O were
mixed into 2.5 liters distilled water in a Erlenmeyer flask. The solution is stirred for 5min
to dissolve initial chemical powders in the water thoroughly. Then, Ammonia gas with a
flow rate of 1L/min was added on the stirred solution for 30min at room temperature.
The precipitation occurred by the following reactions:
ZrOCl2 + 2NH3 + 3H2O ⇒ Zr(OH)4 + 2(NH+4 , Cl−)
Y (NO3)3 + 3NH3 + 3H2O ⇒ Y (OH)3 + 3(NH+4 , NO−3 )
Ce(NO3)3 + 3NH3 + 3H2O ⇒ Ce(OH)3 + 3(NH+4 , NO−3 )
Nd(NO3)3 + 3NH3 + 3H2O ⇒ Nd(OH)3 + 3(NH+4 , NO−3 )
 
Nitrate solutions  
 
 
NH3 
 
 
 
 
Washing 
 
Drying (110°C) 
 
Calcinations  
Figure 8: Synthesis of powder using the co-precipitation method
Afterwards, the solution was filtered and washed carefully with 10 liters water using
the Buechner system to remove impurities such as NH+4 , Cl−, NO−3 , from the collected
powder. If left, these impurities can cause cracks in ceramics due to oxidation, decom-
position and possible reactions in different temperature ranges , especially under strong
heat. The pH value of the water passed through the powders was therefore controlled.
The washing step was carried out until a neutral pH was reached for the washed water.
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This co-precipitation method was used for the fabrication of (Zr, Y, Cea)Ox with dif-
ferent cerium content from 0 % to 25 mass % and for pure ceria oxide powder(CeO2).
Moreover, (Zr, Y,Nda)Ox with neodymium oxides from 0 wt % to 100 wt % were
synthesized in the same way. It is purposed for the immobilization of radioactive waste
for the final disposal or as a target for intermediate storage.
The amount of yttria oxides in the yttria-stabilized zirconia matrix was fixed at
Y2O3
Y2O3+ZrO2
= 15 wt% in mass ratio of 8.76 mol % in molar ratio for all synthesized powders,
either with ceria or neodymia. The chemical composition of different ceramics containing
synthesized neodymia is expressed as for the example in Table 3.
 
 
 
 
 
 
 
 
 
         CeO
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         Nd O
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3
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Figure 9: Synthesis of Yttrium Stabilized Zirconium Matrix Powder by Co-precipitation
method
Table 3. Chemical composition of synthesized ceramic powders with neodymia
Nd2O3 Nd2O3 ZrO2 Y2O3 Nd2O3 Composition extended
in powder in powder content content content of powder formula of
mass% mol % g g g in mol powder
0 0.00 15.28 2.69 0.00 (Zr0.84Y0.16)O1.92 A0.39B2O4.58
10 4.48 15.28 2.69 2.00 (Zr0.77Y0.15Nd0.08)O1.89 A0.58B2O4.87
20 9.17 15.28 2.69 4.50 (Zr0.71Y0.13Nd0.16)O1.85 A0.82B2O5.23
25 11.86 15.28 2.69 5.99 (Zr0.67Y0.13Nd0.20)O1.83 A0.96B2O5.44
30 14.41 15.28 2.69 7.77 (Zr0.64Y0.12Nd0.24)O1.82 A1.12B2O5.69
35 17.29 15.28 2.69 9.58 (Zr0.61Y0.12Nd0.28)O1.80 A1.3B2O6
40 20.75 15.28 2.69 11.99 (Zr0.57Y0.11Nd0.33)O1.78 A1.53B2O6.3
48.38 26.86 15.28 2.69 16.85 (Zr0.50Y0.10Nd0.40)O1.75 A2B2O7
50 29.54 15.28 2.69 17.98 (Zr0.47Y0.09Nd0.44)O1.74 A2.1B2O7.2
60 37.07 15.28 2.69 26.97 (Zr0.40Y0.08Nd0.52)O1.70 A2.97B2O8.5
80 61.10 15.28 2.69 71.73 (Zr0.22Y0.04Nd0.74)O1.60 A7.2B2O15
100 0.00 0.00 0.00 100 Nd2O3 -
3.2.2 Drying
After synthesis, the precipitated gel powder was dried at 110oC for one day. It was done
to purify the powder by eliminating the last impurities. After drying, the powder as pasty
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particles was separated by cracking with water. This powder was again placed in an oven
at 110oC for one day.
3.2.3 Calcination
After drying at 110oC in the oven for one day, powder calcination was performed for yttria-
stabilized zirconia YSZ ceramics containing ceria in an oven at 600oC or at 1, 100oC for
2hours
Additional calcination steps were performed at 350oC, 390oC, 430oC, 600oC, 790oC,
800oC, 1300oC for the investigation of the phase formation of YSZ ceramics with neodymia.
3.2.4 Grinding
The mild milling or grinding method is one way of reducing the particle or agglomer-
ate size in active ceramic powders and developing fine dense nanoceramics with a good
microstructure for chemical durability.
Both synthesized powders, dried at 110oC and calcined at 600oC, were milled in
acetone or propanol to give a higher compaction density and also to prevent dust formation
during ceramic fabrication.
3.3 Characterization of the synthesized powders
Initially, the nature of the matrix powder and matrix with simulant ceria and neodymia
was investigated using different methods before powder compaction for the leaching ex-
periment.
3.3.1 The morphology of powder
The particle size distribution of 15 wt % yttria-stabilized zirconia matrix powder dried at
110oC after milling in acetone was determined using an optical microscope manufactured
by Zeiss.
3.3.2 Thermal behavior of ceramic powder
The thermal behaviour of powders containing ceria and neodymia ceramics was deter-
mined using thermogravimetry (TG) at a temperature range from 25 to 1350oC in air
and a nitrogen atmosphere. Exothermic and endothermic reactions were measured with
differential thermal analysis (DTA) for ceramics containing ceria and ceramics contain-
ing neodymia with a different scanning calorimetry (DSC) by using Netzsch STA 449C
Jupiter.
3.3.3 The specific surface area of the powder
The specific surface area of the powder was measured by BET (Brunauer-Emmet-Teller)
with Quantasorb sorption system. Nitrogen as an adsorber gas and helium as a carrier
gas were set up in the experimental apparatus BET . After the adsorption peak in liquid-
nitrogen and desorption peak in water was measured at room temperature, the mass
specific area was determined by the following expression.
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Stm = [(1− P/Po) · (A/Ac) · Vc · (Na · Acs · Pa/RT )]/M (21)
where,
Stm- Mass specific surface area (m2/g)
P - Partial pressure of Adsorbate (atm)
Po - Saturated pressure of Adsorbate(atm)
Pa - Ambient pressure(atm)
A - Signal area (Integrator count from desorption signal)
Ac - Area of calibration (Integrator count from signal)
N - Avogadros No(6.023 · 1023)
Acs - Cross-sectional area of Adsobate molecule in square meter for (N2, 16.2× 10−20m2)
Vc - Volume of calibration (cm3)
R - Gas constant( 82.1 cm3 atm/K · mol)
T - Temperature of calibration volume (K) or ambient temperature
M - weight of test (g)
An assessment of the crystalline size of the powder was also performed using following
connection from BET measurement:
Stm = 6/(ρL) (22)
where,
ρ =density
L = the crystalline size
3.3.4 Crystallographic study of ceramic powders using XRD
Before powder compaction, phase formation of matrix powders, (Zr, Y, Cea)Ox and
(Zr, Y,Nda)Ox ceramic powders, related with calcination temperatures were investigated
using the X-ray powder diffraction method (XRD).
The solubility of ceria and neodymia in the matrix was assessed using XRD. These
characteristics can impact the chemical properties of the final products.
To understand the chemical durability principle concerned with the incorporation
mechanism of a trivalent stimulant in a synthesized YSZ matrix, the phase formation of
pyrochlore powder with temperature gradients is important. It was ,therefore, investi-
gated using XRD.
Lattice parameter
The lattice parameter was determined as follows: Miller indices associated with each
diffraction peak i characterized by a diffraction angle θi are (hikili).
According to Bragg's law
2dsinθ = λ (23)
where d is a distance between diffracting planes from a family corresponding to given
diffraction direction or given equivalent Miller indexes (h, k, l).
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In the specific case of a cubic fluorite structure (or pyrochlore), characterized by a
lattice parameter a
d =
a√
h2 + k2 + l2
(24)
From equations (23) and (24) one can infer
a =
λ
√
h2 + k2 + l2
2sinθ
(25)
From this relationship it is obvious that
sinθ√
h2 + k2 + l2
=
λ
2a
= const (26)
which means that sin2θ is proportional to (h2 + k2 + l2).
Thus,
(h21 + k
2
1 + l
2
1) · sin2θi = (h2i + k2i + l2i ) · sin2θ1 (27)
where θ1 is the diffraction angle of the first peak with Miller indexes (h1, k1, l1). The first
diffraction peak corresponds to the (111) plane. Using equation (27), other miller indexes
for all peaks were calculated for other planes.
The lattice parameter a was then chosen as an average of the values calculated us-
ing equation (25) for individual reflections. The correction of the zero positions were
determined for all x-ray patterns measured.
3.3.5 Structural formation using synchrotron X-ray
Powder diffraction spectra were also measured at synchrotron in ESRF (Grenoble, France)
at ID31 beamline. This beamline is dedicated to powder crystallography. It allows the
collection of data with narrow peaks and accurate peak positions. Diffraction patterns
were measured using radiation in the range 0.3 - 0.9 Å, and capillary diameters in the
range 0.3 - 1.5 mm. With high incident flux, diffraction patterns suitable for structure
solution were measured in a number of hours. The particular sample measured here was
a 25 % doped sample, whose wavelength measurement was 0.410792 A, 2θ step = 0.005o.
The sample was in a 0.7 mm diameter capillary at room temperature.
3.3.6 Compaction of ceramic powders
After synthesis of (Zr, Y )Ox ,(ZrY Cea)Ox ceramic powders with different ceria contents
(a = from 0 to 25 wt % and the (Zr, Y,Nda)Ox with different neodymia contents (a =
from 10 to 100 wt % ), they were compacted into pellets by one-time pressing (normal
pressing) or repressing. Zinc-stereate, dissolved in diethylether, was also used as lubricant.
The weight of the powder for compaction was chosen set at approximately 1 g or 0.5
g . The isostatic pressures ranged from 229MPa(20kN) to 1019MPa(80kN) and was
applied for cold uniaxial pressing by using an Oehglass press type MP12.
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Repressing
A high density in a ceramic is favorable, because high density improves properties
such as mechanical strength and low-temperature thermal conductivity. One method to
achieve a high-density material is to start the fabrication process with high-density powder
compact.
Hence, repressing method was applied to promote the surface energy, homogeneous
distribution and compacting strength of the green powder compact. In the repressing
process, the powders were first compacted by normal pressing, then granulated and re-
compacted.
Moreover, repressing times were promoted to get a high densification with homogene-
ity, and physical properties in the final ceramics. In the fabrication of neodymia ceramic
powders calcined at 600oC, a three-times repressing effect was determined in this study.
The applied pressure varied from 60 kN to 80 kN for it.
3.3.7 Sintering of the pellets
Sintering is an important step in powder processing and determines the properties of the fi-
nal product. The pellets were therefore sintered at 1600oC for 5-6 hours in air atmosphere.
Sintering processes for neodymia ceramic pellets
In sintering process, the pellets were heated gradually with an increasing heating-rate
of 1 − 1.25oC/min up to 440oC for 10 hours in order to eliminate the water. Then the
calcination temperature was increased to 600oC and held for 3 hours until the pellets
crystallized. Next, the temperature was raised to 1, 300oC for 10 hours so that a solid
solution of the final product may form.
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Figure 10: Sintering programme for neodymia ceramics
Finally, at 1, 600oC was constant maintained for 5 or 6 hours for the grain growth and
densification depending to the possessive ability of final product. It was then cooled to
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room temperature during 6 hours.
3.3.8 Density measurements
Green densities measurement
After pressing, the green density of pellets was assessed using the geometrical method.
The diameter D, height h, mass m were measured and calculated using the following
equation:
ρg =
4m
piD2h
(28)
Sintered density assessment
The sintered densities of the pellets were determined by hydrostatic weighing in water.
After measuring the mass m of the pellets, they were coated with paraffin. The mass of
these ceramic materials coated with paraffin mp was determined. The samples were then
sunk again and their mass in watermw was assessed by Archimede's method. The sintered
densities were therefore obtained from the following relationship:
ρs =
mρpρw
ρp(mp −mw)− ρw(mp −m) (29)
The density of the paraffin ρp = 0.9 and density of the water ρw = 0.99 were used for
equation 29.
Calculation of theoretical density
Theoretical density ρTD was calculated by Vegards' law from the relationship between
concentration and density of synthesized matrix and its simulant as follows:
ρTD = (1− CNd2O3) · ρmatrix + CNd2O3 · ρNd2O3 (30)
ρTD = (1− CCeO2) · ρmatrix + CCeO2 · ρCeO2 (31)
For above equations, density of (YSZ) yttria-stabilized zirconia matrix ρmatrix= 5.95
gcm−3 from the current study, while the density of neodymia oxide ρNd2O3 = 7.24 gcm−3
and the density of ceria oxide ρCeO2 = 7.484 gcm−3 were taken from the literature and
used respectively.
3.4 Characterization of synthesized pellets before leaching
3.4.1 Polishing
Some preparation steps are essential before the leaching experiment can be conducted.
At an early stage, it was necessary to remove nearly 150 − 200µm from the depth of
each surface of the specimen to be measured in order to see the interior structure.
This was done by using different abrasive papers with different micron particle sizes:
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(120µm, 320µm, 600µm, 1200µm) and along with a lubricant and 1µm diamond paste
with a polishing machine.
3.4.2 Washing and thermal etching
After polishing, the specimen had to be washed in distilled water for 5min and 15min
in acetone with an ultrasonic machine in order to clean sample of all impurities. Once
this was done, they had to be dried in the oven again at 1, 400oC for thermal etching.
This enabled us to get a clear microstructure ie distinct grain and grain boundary of the
samples more effectively. A further step was coating the samples with gold for 5min for
SEM/EDX measurements. This was not desirable however for XRD measurements.
3.4.3 Microstructural assessments using SEM/EDX
Microstructural assessments, the investigation of chemical compositions and elemental
concentrations of sintered, synthesized, compact ceramic pellets were then determined
using scanning electron microscopy combined with energy dispersive X-ray analysis SEM/
EDX in the present study.
Structural and morphological (external and cross-sectional) micro-to-macro changes
on the surface sample, before and after leaching, were also analyzed by SEM/EDX.
Determination of grain size
The size of grains in polycrystalline solids, such as alloy or ceramics, has certain
marked properties. The grain size affects the rate and ease of the propagation of cracks in
ceramics under mechanical stress or thermal shock. Therefore, grain size determination
is one important aspect of assessing a ceramic's performance. Hence, grain size and
distribution were calculated from the images of specific samples measured by scanning
electron microscopy (SEM).
3.4.4 Characterization of pellets before leaching experiment by XRD
The mean crystalline size, phase formation and lattice parameter "a" of a certain structure
and micro-deformation "< ε20 >1/2" in the the sintered, compacted, solid material were
assessed using the X-ray powder diffraction method (XRD).
Dislocation or microdeformation and crystalline size of the neodymia ceramic pellets
were calculated from X-ray data using the Hall-Williamson method:
βCosθ = 4 < ε20 >
1/2 Sinθ +Kλ/L (32)
βCosθ/λ = 4 < ε20 >
1/2 Sinθ/λ+ 1/L (33)
where,
β - b− bs
K - shape constant assumed as 1
λ - the wave length of X-ray (0.1540598 nm for Cu-K and 0.17798 for Co-K )
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β - the difference of the width
b - full width at half maximum bs - a standard microcrystalline for powder or pellet
The crystalline size of pellets with 10- 20 wt % neodymia, pellets with 25-40 wt %
neodymia and pellets with 50 wt % neodymia were all calculated using Scherrer's formula
from XRD measured data:
LXRD = Kλ/βCosθ (34)
Crystallographic density was determined from XRD. The ratio of the average particle
and grain volume determined by BET and XRD is used to estimate the number of grains
per particle, N, as a measure of the degree of agglomeration.
N = d3BET/d3XRD (35)
where,
N - the number of grains per particles
d3 BET - grain volume determined by BET
d3 XRD - grain volume determined by XRD
3.5 Mechanical properties of fabricated ceramics
The microhardness of fabricated sintered pellets was determined using indentation tests
with a diamond Vicker (AntonPaarMHT10 ) at applied load (F). The microhardness
(Hv −GPa) was calculated using the following formula:
Hv =
F
2a2
(36)
where,
Hv - the microhardness in GPa
F - the applied load in Newton
a2 - the average diagonal length of the Vickers indenters in µm
3.6 Leaching procedures for ceramics
3.6.1 Selected methods for leaching experiments
The MCC − 5 test with Soxhlet apparatus was used as a dynamic method and a short-
term chemical durability test. MCC−1, ASTM were applied as static experiments for a
long-term chemical durability assessment for synthesized ceramic materials in the current
study.
Dynamic method
To characterize the chemical durability of synthesized pellets with different ceria con-
tents the dynamic experiment was performed with ultra-pure water in a Soxhlet apparatus
for one month. In the Soxhlet apparatus, the sample did not come into contact with the
bulk leachant 500ml distilled water and was worked on at atmospheric pressure. Distilled
water was boiled in flask at a temperature of 100oC and then condensed in the water
65
condenser. The condensate flowed down into the specimen holder, surrounded by steam
following the procedures laid out in MCC − 5 test conditions. The release rate was mea-
sured for individual elements in the unit of gm−2d−1 (or) molm−2d−1.
Static method
In the present study, glass vessels covered with a teflon screw-cap were used for the
static (MCC − 1) experiments. The volume of the leachants was 60ml. The ratio of the
surface area of the samples to the volume of the leachant (S/V ratio) was approximately
2 × 10−6m−1 in each test condition. The sample was put into the different leaching
solvents (distilled water, granitic water, Mount - Terri - water) and an argon atmosphere
was created in the glass vessels to prevent the carbonate formation of zirconia forming from
the prepared sample with carbon dioxides in the air atmosphere under test conditions.
Then, it was run at a temperature of 90oC in the oven.
3.6.2 Removing the sample
After the leaching experiment, 2ml of the leachate of the sample was removed weekly
from the 60ml leachant under static condition. A renewable solvent was not added to
the glass vessels during the experiment.
After the filtration of the leachate, 2ml on minipore filter of 45 µm, 5ml of extra
pure HNO3 in 1M concentration was put into 1ml of the leachate to avoid precipitation
before the measurements were taken.
Furthermore, the pH value of the rest of the filtered leachate was controlled under
an argon gas atmosphere. The concentration of each element constituting the ceramics
in water was measured. This was performed using inductive plasma coupled with mass
spectrometry (ICP −MS).
3.6.3 Evaluation of the leaching rate for ceramics containing ceria
In the static test (MCC − 1), the use of normalized mass loss NLi was chosen over the
normalized leaching rate DRi because the leaching rate decreases within days or weeks
after the process has begun, so a single value of the leach rate DRi is quite dubious. On
the other hand, the leach rate can be used to express the result from theMCC−5 Soxhlet
test for the absence of saturation phenomena in the leachant. The normalized leaching
rate and normalized mass loss were calculated as follows:
Leachability of an element i from a solid can be described by its normalized mass loss,
(gm−2), which is NLi defined by the relation:
Normalized mass loss
NLi =
mi
fiS
(37)
where,
NLi - normalized mass loss,
mi - mass of the element i in the solution,
S - surface area of the solid sample,
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fi - weight fraction of the element i in the solid sample at the beginning of the test.
mi is the total amount of the element i measured in the solution, S corresponds to
the surface area of the solid (m2) and mi sol corresponds to the mass variation of i in the
solid:
mi sol = mi sol,O −mi sol,t (38)
where,
mi sol,O - the initial mass of i in the solid,
mi sol,t - the mass of i in the solid after a leaching time equal to t.
fi is the mass ratio of i in the solid, which is defined as follows :
fi = mi sol,O/msol,O (39)
where, msol,O - represents the initial total mass of the solid.
Dependence of the normalized leaching on the leaching time
The normalized leaching rate of a solid RL (gm−2d−1) can be obtained from the evo-
lution of the normalized leaching [213]. It can be calculated from the equation:
Rl = dm/dt × 1/S (40)
where,
Rl - normalized leaching rate,
C - concentration of the element in the solvent,
V - volume of the leachate,
S - surface area of the sample,
t - cumulative leaching time (days).
dm/dt represents the derivative of the dissolved mass of the solid (gd−1) as a function
of the leaching time. Furthermore, if the dissolution process is congruent, dm/dt can be
defined from the mass change of one of the elements "i" in the solid using the following
equation:
dm/dt = 1/fi × dmi/dt (41)
where fi - fraction of the element "i" in the matrix.
Thus, for a congruent dissolution, the normalized leaching rate becomes:
Rl = dmi/dt × 1/(fis) = NLi/dt (42)
where, dm/dt corresponds to the derivative of eqn. (24).
3.7 Analysis of the leached sample after the chemical durability
test
The analysis of solid solutions, leached phases, and solid as leached samples was performed
after the leaching experiment. The specimens used in the leach test were recovered by
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rinsing them in water. Then, they were dried and weighed. The characterizations of the
sample was done described below.
The investigation of microstructure changes in solid samples prepared by powder cal-
cined at 600oC after the leaching experiments was performed by scanning electron mi-
croscopy (SEM). The phase stability of the leached samples made from dried powder were
investigated again by XRD at the end of the leaching experiment.
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4 Experimental results for yttria-stabilized zirconia ce-
ramics with ceria
4.1 Powder after drying
The dried powder contains moisture. At this stage, the powder becomes a pasty. The
formation of agglomerates consists of primary particles weakly bonded by Van Der Waals
forces. According to results obtained from grinding, the sinterability of the ceramic pellets
depends on the solvent media used in the mild attrition. However, the green density does
not depend on the type of milling liquid used (acetone or propanol). The use of propanol
can cause a decrease in the sinterability of ceria ceramic pellets for both powders after
drying and calcination at 600oC.
4.2 Morphology of the yttria-stabilized zirconia matrix powder
4.2.1 Morphology of the (Zr0.84Y0.16)Ox powder dried at 110oC
The particle size distribution of 15 wt % yttria-stabilized zirconia matrix (Zr0.84Y0.16)Ox
powder, dried at 110oC after it was milled in acetone, was determined using an optical
microscopy manufactured by Zeiss. This investigation gave the statistical distribution of
primary and secondary particles of the initial measured powder.
 
ni : number of agglomerates in interval of size delta D
N : total number ofagglomerates
D : size of agglomerates
0
0.005
0.01
0.015
0.02
0.025
0 100 200 300 400 500 600 700 800 900
size of agglomerates (µm)
n
i 

D
)
n
  /
(N
 ∆
D
)
i
a b
Figure 11: a. Morphology of (Zr0.84Y0.16)Ox powder after drying at 110oC; b. Charac-
teristics of the distributions of the size of agglomerates in (Zr0.84Y0.16)Ox milled powder,
after drying at 110oC
A differentiation of the agglomerates in the same powder was found with two Gaussian
distributions. The first Gaussian distribution of the average agglomerate size (D0.5 =
42.34µm had full width half maximum FWHM(s) = 40.3µm among the total number
of agglomerates (N = 922) and a second Gaussian distribution of a bigger average agglom-
erate size (D0.5 = 410µm) which had full width half maximum FWHM(s) = 163.3µm.
4.2.2 Morphology of the (Zr0.84Y0.16)Ox matrix powder calcined at 600oC
The particle size distribution of 15 wt % yttria-stabilized zirconia (Zr0.84Y0.16)Ox matrix
powder, calcined at 600oC after milling in acetone, was also determined using an optical
69
microscope manufactured by Zeiss. The powder had the characterization of agglomerates
in one Gaussian distributions with FWHM(s) = 1.7µm) as illustrated in Figure 12. The
average agglomerate size in this powder (D0.5 = 4.4µm) is presented in different intervals
of size D among the total number of agglomerates N = 932.
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Figure 12: a. Morphology of (Zr0.84Y0.16)Ox powder calcined at 600oC after milling in
acetone; b. Agglomerates size distribution of (Zr0.84Y0.16)Ox powder calcined at 600oC
after milling in acetone
4.2.3 Morphology of the matrix powder after calcination at 1, 100oC
The same procedure was carried out to examine the powder calcined at 1, 100oC. The
powder, after milling in acetone, formed big aggregates which were strongly chemically
bonded or bonded by sintering necks as a results of the meta-stable to solid solution phase
transmission beginning at this temperature, as shown in Figure 13.
 
Figure 13: Agglomerates size distribution of (Zr0.84Y0.16)Ox matrix powder calcined at
1, 100oC after milling in acetone
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4.3 Characterization of ceramic powder containing ceria using
TG/DSC
The weight losses of the matrices at different temperatures (from 25 to 1500oC) were
determined using thermogravimetry (TG). Exothermic and endothermic reactions were
measured with differential thermal analysis (DTA) using Netzsch STA 449 Jupiter.
DTA measurements can help to determine the best calcination temperature. After
drying at 110oC in air for 12hours, the powders were investigated using thermal analysis.
After synthesis and drying, this material is then in the amorphous phase. When heated
to 600oC, there is significant mass loss ∆M , corresponding to the elimination of adsorbed
gases and crystal water.
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Figure 14: Characterization of the synthesized ceria ceramic powders using TG/DSC
The value ∆M/M0 decreased from 14.3 to 10.1 wt % when the ceria content increased
from 0 to 25 wt % as illustrated in Figure 14. The mass loss during heating from 600oC
to 1, 200oC was negligible (∆M/M0 = 1.3 − 2.0 wt %). This effect was connected with
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elimination of OH− groups from the material. Heating it to temperature greater than
1200oC did not lead to any additional mass loss. The results can be seen in Figure 14.
In the temperature range of 900oC to 1, 150oC, the TG graph shows abrupt changes,
accompanied by different thermal effects on the DTA curve. These processes obviously
corresponded to phase transition in the material (Figure 14).
4.4 Characterization of (Zr, Y, Cea)Ox ceramic powder using XRD
Before powder compaction for the leaching experiment, phase formation of the matrix and
ceramic powder was investigated by XRD. The data obtained from XRD showed that for
all ceria contents, the powders have an amorphous phase after drying at 110oC and have a
crystalline structure (face-centered cubic fluorite - FCC type) after calcination at 600oC.
The cubic fluorite phase formation better occurs by increasing the temperature from
600oC to 1, 400oC. The lattice parameter of cubic fluorite phase formation in the yttria-
stabilized zirconia matrix with a ceria content of 0 wt % to 25 wt % at a temperature of
600oC and 1, 400oC follow equation 43 and 44 respectively. The determination of lattice
parameters in the synthesized matrix and ceramics powders for those temperatures can
be seen in Figure 15.
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Figure 15: The lattice parameters of (ZrY )Ox powders with different ceria contents after
sintering at 1, 400oC
a, nm = 0.032CCeO2 + 0.5141 Tc = 600
oC (43)
a, nm = 0.028CCeO2 + 0.51385 Tc = 1400
oC (44)
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where,
a - lattice parameter (nm),
CCeO2 - concentration of the ceria oxides in ceramic powders,
Tc - calcination temperature oC,
As the ceria content increased, the peaks shifted to smaller 2θ values from 35.2 to
34. The imperfection of the cubic fluorite phase formation can be seen from the patterns
obtained in the region of 2θ values from 39.5 to 41.1 and 42.6 degrees, as shown in Figures
16,17 and 18.
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Figure 16: X-ray patterns for the phase formation of (Zr, Y, Ce)Ox with different ceria
contents after calcination at 600oC and sintering at temperature 1, 400oC
The tetragonal phase can exist together with the cubic fluorite phase as a minor phase
due to 15 wt % amount of yttria stabilizer. This occurred only at the border line of
the transition region of the tetragonal + cubic fluorite phases and cubic fluorite phase.
Therefore, oxygen induced structural change of the tetragonal phase around the cubic-
tetragonal phase boundary in ZrO2- Y O1.5 solid solution occurred and it is manifested by
the asymmetric peaks in the X-ray patterns and the additional peak at 2θ value between
42.5-42.75 degree in the X-ray data for all ceramics containing ceria in Figure 16.
There is a tetragonal form, which is the t" form with an axial ratio c/af of unity and
an oxygen displacement along the c axis from the 8c site of the fluorite-type structure.
There, the af is a lattice parameter of the pseudo fluorite cell. This t" form has the space
group of P42/nmc, S(137) in the current study [76, 64, 65, 66, 67, 68, 69, 73]. Only the
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Figure 17: Phase shift of (ZrY Ce)Ox ceramics with increasing ceria content after sinter-
ing at 1, 400oC
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Figure 18: Imperfection of cubic-fluorite phase formation of (ZrY Ce)Ox ceramics powder
with yttria stabilizer content of 15 wt % at sintering temperature 1400oC
cubic fluorite phase formation is seemed to be predominant in all compositions of ceramic
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powders with ceria contents from 5 wt % to 25 wt % in the yttria-stabilized zirconia ma-
trix. However, ceria does't segregate in the matrix as a separate phase, even after drying
at 110oC.
4.5 Investigations of the properties of ceramics containing ceria
before leaching
4.5.1 Compressibility of the matrix with pressure at different calcination
temperatures
The compressibility of the (Zr1−xYx)O2−0.5x matrix increased gradually with increasing
compacted pressures at each calcination temperatures. A (Zr1−xYx)O2−0.5x sintered ma-
trix pellet, made up of powder dried at 110oC, had a theoretical green density (TDg)
of 0.3 − 0.4TD. A matrix pellet made up of powder calcined at 600oC has theoretical
green density (TDg) between 0.4− 0.5TD, a matrix pellet, made up of powder calcined
at 1100oC has theoretical green density (TDg) of 0.5 − 0.6TD. This is clearly shown in
Figure 19.
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Figure 19: Green density and sinterability of the (Zr1−xYx)O2−0.5x matrix in different
calcination temperatures
The sinterability of pellets fabricated from matrix powder calcined at 600oC increased
with increasing compacted pressure in the 300− 750MPa range. Their sintered density
(TDs) compared with theoretical density was 0.89−0.92TD. The sintered density (TDs)
of pellets fabricated from matrix powder dried at 110oC was 0.84− 0.86TD in the 318−
382MPa compacted pressure range. The sintered density (TDs) of the pellets fabricated
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from matrix powder calcined at 1, 100oC was 0.78−0.80TD in the 300−750MPa pressure
range shown in Figure 19. Although pellets produced using matrix powder calcined at
1, 100oC had the highest green density, they showed the lowest sintered density of all
pellets, due to strong aggregations present in the initial powder.
4.5.2 Compressibility of the matrix with different ceria contents
After the matrix powders were investigated at different calcination temperatures, different
ceria content were incorporated into the matrix and the effect of variable compaction
pressures on the matrix were investigated again. The nature of the compressibility of the
ceria pellets made from powder dried and calcined at 600oC, increased with increasing
pressure for all ceria concentrations ( 0 wt %, 5 wt %, 10 wt %, 15 wt %, 20 wt %, 25
wt%) as presented, in Figure 20.
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Figure 20: Green density of (Zr1−xYx)O2−0.5x matrix and (Zr, Y, Ce)Ox with different
ceria content prepared from powder dried at 110oC and calcined at 600oC
The relative green density of the pellets made from dried powder with different ceria
contents was lower than the green density of the pellets (TDg) made from calcined powder
at 600oC with different ceria content. The relative green density of the pellets (TDg) made
from dried powder at 110oC with 5−20 wt % ceria compared with the theoretical density
was approximately 0.34 − 0.41TD in the 191 − 509MPa pressure range and the pellets
with a ceria content of 25 wt % had a theoretical green density of 0.37 − 0.43TD in
the same pressure range. The green density of the pellets (TDg) made from calcined
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powder at 600oC with a 5− 25 wt % ceria content compared with theoretical density was
approximately 0.51− 0.53TD in the 891− 1019MPa pressure range.
Optimal pressure parameter for ceramics containing ceria
The compacted green pellets were sintered in the oven for 6hours and their sinter-
ability is illustrated in Figure 21. The sinterability of ceramics with a ceria content of 5
and 25 wt % increased with increasing pressure from 191MPa to 509MPa. The optimal
pressure parameter for both ceramics with 5 wt % and 25 wt % CeO2 was not reached
below a pressure of 509MPa. Thus, additional investigation of pellets under high pres-
sure greater than 509MPa is still needed. The optimal pressure for ceramics with a ceria
content of 10 , 15 and 20 wt % was within the 307− 370MPa range.
0.820
0.840
0.860
0.880
0.900
0.920
0.940
100 200 300 400 500 600 700 800 900 1000 1100
Pressure (Mpa)
R
e
la
ti
v
e
 s
in
te
re
d
 d
e
n
s
it
y
(T
D
s
)
5%Ce(110°C)
10%Ce(110°C)
15%Ce(110°C)
20%Ce(110°C)
25%Ce(110°C)
5%Ce(600°C)
10%Ce600°C
15%Ce(600°C)
20%Ce(600°C)
25%Ce(600°C)
Figure 21: Sintered densities as a function of pressure
Table 4. Optimal pressure parameters for ceria containing ceramics
CeO2 content 5 wt % 10 wt % 15 wt % 20 wt % 25 wt %
Optimal > 500MPa 270-370MPa 270-370MPa 270-370MPa > 500MPa
measured
zone
Densities of the ceramics with a ceria content at different calcined temperatures
The compressibility of the pellets with different ceria content made from powder dried
at 110oC and calcinied at 600oC was almost constant and independent from the ceria
content in the matrix. However, the pellets with different ceria contents made from
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powder dried at 110oC had a lower relative green density than pellets with different ceria
contents made from powder calcined at 600oC.
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Figure 22: The compressibility and sinterability of zirconia ceramics with different ceria
contents at different calcination temperatures
Finally, the sintered density of pellets was equal for powder in dried at 110oC and
calcined at 600oC with ceria contents of 5 wt % to 25 wt %. The maximum achieved
sintered density (0.90TD) of pellets with different ceria contents 5 wt %-25 wt % achieved
by drying powders at 110oC at a pressure of 255−509MPa were reliable with the relative
sintered density 0.90−0.94TD of pellets with different ceria 5−25 % made from powders
calcined at 600oC at a pressure of 1019MPa. Although different synthesis temperatures
were used for the compaction of powders for the matrix with different ceria contents,
using optimal parameters pressure no differentiation in sintered density can be made (see
Figure 22).
4.5.3 Microhardness investigation
The microhardness measurements of pellets with densities from 0.90TD to 0.92TD, were
performed. In the ceria content range 10− 20 wt%, the microhardness values for pellets,
produced from the powders calcined at 110oC were stable (Hv ∼ 13.5Gpa) as shown in
Figure 23. These values are higher than for the pellets produced from powder calcined at
600oC, although their densities are lower.
During microhardness measurements, an interesting trend regarding the spreading of
cracks was observed. Cracks are created at the corners of indentations and stopped at
the grain boundaries and pores. This prevents them from spreading further through the
material. This effect can play a positive role in material immobilization. This spread-
ing of cracks may result in the localization of material destruction, owing to helium-gas
production and local thermo-tensions.
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Figure 23: Microhardness of ceria ceramics with different ceria contents in relation to
their density
4.5.4 Structure formation and phase stability of ceria ceramic pellets before
leaching experiment using XRD
The structure formation in the yttria-stabilized zirconia matrix incorporating different
ceria contents before the leaching experiment was investigated with X-ray powder diffrac-
tion (XRD) and can be seen in Figure 24. The yttria stabilizer (15 wt %) content in the
zirconia matrix formed a cubic fluorite structure after sintering at 1600oC. However, the
obtained spectra showed that the imperfect fluorite cubic-fluorite phase was formed in the
ceramics when different ceria content, were incorporated in the yttria-stabilized zirconia
matrix.
a, nm = 0.029CCeO2 + 0.5133 Tc = 1400
oC (45)
where,
a - lattice parameter (nm),
CCeO2 - concentration of the ceria oxides in ceramic pellets,
Tc - calcination temperature oC,
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Figure 24: The X-ray spectra before leaching for phase formation of yttria-stabilized zir-
conia matrix with different ceria content made by powder dried at 110oC and sintered at
1400oC
4.5.5 Microstructural assessment of the (Zr, Y, Cea)Ox pellets
The microstructural assessments of sintered, compacted (ZrY Cea)Ox ceramic pellets were
determined using scanning electron microscopy (SEM) in the present study. The pellets
containing 10 wt % of ceria made from powder calcined at 600oC, had a good microstruc-
ture with homogeneity of the constituted zirconium, yttrium and cerium elements distri-
bution in the sintered pellets by EDX, well-formed grains and boundaries and uniformly
distributed pores, mainly located at triple-grain boundary junctions and inside the grains
investigated by SEM .
The imperfect, homogeneous distributions of the concentrations of Y , Zr and Ce ele-
ments in the grain boundaries and boundary of inter-intra pores at triple-grain boundary
junctions of the ceramics seemed to be higher than the elemental concentrations at the
inter grain according to the obtained results from SEM photography and EDX line as-
sessment of the concentration of Y , Zr and Ce elements of three (Zr, Y, Ce)Ox ceramic
pellets with 20 wt% of ceria performed by powder calcined at 600oC in Figure 25. Grain
size distribution obtained from the images measured by Scanning Electron Microscopy
(SEM) was fitted with Gaussian distribution. The average grain size was approximately
18µm in yttria-stabilized zirconia ceramic pellets in Figure 26. with 10 wt % ceria content
made from powder calcined at 600oC.
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a b c
Figure 25: SEM photography of (Zr, Y, Ce)Ox a. pellet No 88 with 20 wt% of Cerium
Oxide before leaching experiment. b. pellet No 130 with 20 wt% of Cerium Oxide before
leaching experiment. c. No 57 with 20wt % of Cerium Oxide before leaching experiment
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Figure 26: a. SEM photograph of (Zr, Y, Ce)Ox pellet with 10 wt% ceria after polishing
step; b. Characterization of grain size distribution of (Zr, Y, Ce)Ox pellet with 10 wt %
ceria after polishing step
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Figure 27: a. SEM photography of (Zr1−xYx)O2−0.5x matrix pellet without ceria ; b. pellet
with 5 wt % ceria; c. pellet with 10 wt % ceria; d. pellet with 15 wt % ceria; e. pellet
with 20 wt % of ceria; f. pellet with 25 wt % ceria.
4.6 Investigation of the chemical properties for the ceramics con-
taining ceria
The most important property of nuclear waste form for conditioning is its chemical dura-
bility in contact with an aqueous solution, which can cause leaching in the field of ra-
dioactive waste management. The release of radionuclides into the biosphere will certainly
occur mainly by contact with water and a reaction, followed by the transport of dissolved
and colloidal radionuclides complexes.
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Chemical integrity of conditioning matrices influence the release of embedded elements.
Leach resistance tests especially over long periods in current study are hence interesting
for predicting the retention capability of solidified waste forms retarding the introduc-
tion of radioisotopes into the environment, if real radioactive sources instead of simulant
waste forms are embedded in synthesized ceramic material. The chemical durability of
the synthesized material and its aptitude for deterioration by dissolution, was therefore
measured either for storage or final disposal of radioactive wastes.
The constant dissolution rates of constituent elements released from all pellets for
only intermediated days are taken into account as kinetic behaviours of leached samples
in all graphs which are sketched by the normalized mass loss (molm−2) vs experimental
time (days). In fact, the maximum dissolution rates could occur only in this intermediate
region. In addition, the lower dissolution rates of elements before and after intermediate
days could happen due to following two reasons:
• Before intermediate days, the inductive materials or impurities covered on over
surface of the sample which are left from preparation steps, such as polishing or
coating with silver for surface investigations using SEM could retard the real dis-
solution rates of the elements released from the sample. These dissolution rates
of constituent elements released from all samples in leaching experiments used are
illustrated before intermediate days (between 50-70 days) in all Figures.
• After intermediate days, the dissolution rates could also change due to saturation
or precipitation or fractional release or all phenomena of elements from samples
released into the leachant. These dissolution rates of constituent elements released
from all samples in the leaching experiments used are illustrated after intermediate
period (over 200 days) in all Figures.
The values of normalized mass loss for intermediated days obtained from experiments
are shown with (+) remarks in all Figures. The kinetic behaviour of each element released
from the leached samples can be seen as linear line in all Figures. The leaching rates of
elements released from the samples illustrated as either congruent or incongruent in all
Figures depending on the kinetic behaviour of normalized mass loss or dissolution rates
(referred to page 66 and equation 37) of constituent elements. In the rates, which resulted
from the normalized mass loss vs with time in intermediate days, became higher as a linear
law with duration of time. If the kinetic line of dissolution rates of all elements laid in
the same line, the congruent leaching phenomena was happened. In contrast, incongruent
leaching phenomena could also happen in some samples, if the dissolution kinetic of all
elements were not valid in the same line. Moreover, the incongruent leaching rates of
constituent elements pointed out that either fractional release or precipitation or both
processes could occur in leaching process of the pellets. Therefore, the congruent or
incongruent leaching phenomena of elements in the leaching solvents will mention as the
properties of synthesized materials based on their fabrication routes in current study by
following different investigations. In addition, the released elements reached the saturation
in some cases. It can be seen in some Figures when the points of the normalized mass loss
dropped down from the highest rates and laid as plateau after intermediate days. The
leaching processes which appeared from their own properties of synthesized materials,
will therefore give the certain answer for the good fabrication steps based on the acquired
knowledge from the following leaching experiments.
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4.6.1 Leaching behavior of (Zr1−xYx)O2−0.5x matrix pellets under static condi-
tions in ultra pure water
The leaching behavior of (Zr1−xYx)O2−0.5x matrix pellets made from powder dried at
110oC and powder calcined at 600oC was investigated in ultra pure water (UPW) over
360 days. The leaching kinetic of Y and Zr elements released from (Zr1−xYx)O2−0.5x ma-
trix pellets varied depending on the temperature of the powder used, as shown in Figures
28 and 29. The kinetic behavior of Y and Zr elements released from the (Zr1−xYx)O2−0.5x
matrix made from powder dried at 110oC followed the linear line law and depended on a
duration of either 150 days or 210 days, as well as powder calcined at 600oC.
The normalized leaching rate of Y , released from both matrix pellets was almost
the same and the saturation of Y occurred after 150 days in UPW. The saturation of Zr
released from (Zr1−xYx)O2−0.5x matrix pellets made from powder dried at 110oC occurred
after 210 days and the saturation of Zr released from the matrix made from powder
calcined at 600oC occurred after 300 days. The normalized leaching rate of the Zr
element from the (Zr1−xYx)O2−0.5x matrix pellet made from powder calcined at 600oC, is
one time lower than the normalized leaching rate from the pellet made from powder dried
at 110oC.
However, after 546 days, the normalized leaching rate of Y and Zr elements released
from both (Zr1−xYx)O2−0.5x matrix pellets are the same order of magnitude and congru-
ently dissolve. According to the results obtained, Zr from the (Zr1−xYx)O2−0.5x matrix
made from powder calcined at 600oC has a high chemical durability in the solvent water.
The properties of all pellets are presented in Table 5.
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Figure 28: Leaching behavior of (Zr1−xYx)O2−0.5x ceramic pellet prepared from powder
dried at 110oC in UPW
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Table 5. Properties of (Zr1−xYx)O2−0.5x ceramic pellets and their leachibility
No. Pellets Tcal Density Pressure Normalized Normalized Normalized
No. (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 4 110 0.91 25 7.83× 10−7 9.27× 10−7 -
2 14 600 0.91 35 6.93× 10−7 4.38× 10−7 -
Normalized mass loss of (YZr-600°C)Ox  Vs Time
Zr = 4.38E-07x + 7.37E-05
Y = 6.93E-07x + 4.53E-05
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Figure 29: Leaching behavior of (Zr1−xYx)O2−0.5x ceramic pellet prepared from powder
calcined at 600oC in UPW
4.6.2 Leaching behavior of (Zr, Y, Ce)Ox ceramic pellets with 5 wt% ceria
The leaching behavior of (Zr, Y, Ce)Ox ceramic pellets with 5 wt % ceria made from
powder dried at 110oC and powder calcined at 600oC was investigated over 546 days.
The leaching kinetic of Y , Zr and Ce, released from (Zr, Y, Ce)Ox ceramic pellets with 5
wt % ceria varied depending on the temperature of the powder used (Figures 30 and 31).
The kinetic behavior of Y , Zr and Ce, released from ceramic pellets made from powder
dried at 110oC followed linear line law and depended on a duration of either 150 days
or 210 days. The saturation of Y released from the ceramics made from powder dried
at 110oC occurred after 150 days and the saturation of Zr and Ce occurred after 210
days. The normalized leaching rate of Y , Zr and Ce elements from the ceramic pellet
made from powder dried at 110oC were of the same order of magnitude and congruently
dissolved during the duration of the experiment ie over 360 days.
The kinetic behavior of Y , Zr and Ce elements released from ceramic pellets made
from powder calcined at 600oC also followed linear line law for 210 days. The normalized
leaching rate of Zr, released from both ceramic pellets was almost the same and the
saturation of Y , Zr and Ce, released from the pellets made from powder calcined at
600oC, occurred at the same time (after 210 days). Although the saturation time of all
elements was equal, only Y and Zr dissolved congruently together, while ceria from the
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ceramics dissolved incongruently with Y and Zr in this pellet. It was found that the
normalized leaching rate of Y and Zr are of the same order of magnitude and one order
of magnitude higher than the normalized leaching rate of Ce in the pellets made from
powder calcined at 600oC.
The normalized leaching rate of simulant ceria from the ceramics made from powder
calcined at 600oC is one order of magnitude lower than the ceria release from the pel-
let made from powder dried at 110oC. Ceramics made from powder dried at 110oC is
more favorable according to the congruent normalized leaching rates of each element. The
properties of the pellets and the kinetic behavior of elements released from both pellets
are presented in Table 6 and Figures 30, 31 and 32.
Table 6. Properties of (Zr, Y, Ce)Ox ceramic pellets with 5 wt% ceria and their leachi-
bility
No. Pellets Tcal Density Pressure Normalized Normalized Normalized
No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 SG70 110 0.92 60 1.34× 10−7 4.56× 10−6 4.27× 10−7
2 103 110 0.90 30 4.47× 10−6 1.15× 10−6 1.18× 10−6
3 74 600 0.90 80 1.86× 10−6 1.83× 10−6 3.34× 10−7
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Figure 30: Leaching behavior of (Zr, Y, Ce)Ox ceramic pellet with 5 wt% ceria prepared
by powder dried at 110oC in UPW
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Figure 31: Leaching behavior of (Zr, Y, Ce)Ox ceramic pellet with 5 wt% ceria prepared
by calcined powder at 600oC in UPW
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Figure 32: Leaching behavior of (Zr, Y, Ce)Ox ceramic pellets with 5 wt% ceria prepared
from different powders in UPW
The leaching rate is not only dependant on the temperatures of powder calcinations
but also on the initial properties of the powder. In fact, in addition to the normal ceramic
pellets production for chemical durability tests, the refractionation step, which consists of
separating the larger particles or agglomerates from the powder for pelletization increases
the physical properties, such as higher density. By doing so, stabilizer Y from the ceramic
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pellets on the chemical durability has been promoted. However, chemical durability of
Zr from the ceramics did not increase and all elements from this ceramic did not dissolve
congruently in pellet No.1 (see as like as kinetic behaviour Ce incongruent dissolving with
Zr and Y in Fig 31, however Zr incongruent dissolving with Y and Ce). Normalized
leaching rates for all elements in the ceramics prepared by different methods and their
properties are presented in Table 6 and Figure 32.
4.6.3 Leaching behavior of (Zr, Y, Ce)Ox ceramic pellets with 10 wt% ceria
under static condition
The leaching behavior of (Zr, Y, Ce)Ox ceramic pellets with 10 wt% ceria made from
powder dried at 110oC and powder calcined at 600oC was investigated over 360 days. The
leaching kinetics of Y , Zr and Ce elements released from (Zr, Y, Ce)Ox ceramic pellets
with 10 wt% ceria were examined for different fabrication routes, such as calcinations
temperature effect, effect of fabrication processes for powder compaction by repressing or
refractionation, density effect etc; in a few ceramic pellets with the same ceria 10 wt %
content.
4.6.4 Leaching behaviour of (Zr, Y, Ce)Ox ceramic pellets with 10 wt% ceria
made from powder dried at 110oC
To investigate the leaching kinetics of Y , Zr and Ce, released from the (Zr, Y, Ce)Ox
ceramic pellets with 10 wt % ceria made from powder dried at 110oC, three pellets with
the same composition but different powder properties were chosen and chemical durability
tests were performed under static conditions. The normalized leaching rates can be seen
in Table 7.
Table 7. Properties of all (Zr, Y, Ce)Ox ceramic pellets with 10 wt% ceria made from
powder dried at 110oC and their leachibility
No. Pellets Tcal Density Pressure Normalized Normalized Normalized
No. (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 SG147 110 0.87 60 7.57× 10−8 2.51× 10−6 1.32× 10−7
2 SR46 110 0.91 22.5 4.47× 10−7 2.26× 10−7 1.05× 10−7
3 107 110 0.91 30 3.40× 10−7 3.49× 10−7 3.74× 10−7
where,
• Pellet No.1 made from normal pressing of refractured powder with agglomerate
≤ 4µm
• Pellet No.2 made from normal pressing of refractured powder with agglomerate size
≤ 4µm
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• Pellet No.3 made from normal pressing of normal powder with agglomerate size
≥ 4µm without refractionation step
It was found that the kinetic behavior of Y , Zr and Ce elements, released from ceramic
pellet No.2 and No.3 of identical density and made from powder dried at 110oC followed
linear line law, depending on a time duration for 150 days. The saturation of Y , Zr and
Ce occurred after 150 days in UPW . The normalized leaching rates for Y , Zr and Ce
from the ceramics were the same order of magnitude and congruently dissolved over 360
days. The leaching behavior of ceramic pellet No.3 made from powder dried at 110oC in
UPW for 360 days has perfect congruence in comparison to ceramic pellet No.2 as it can
be seen from Figures 33 and 35.
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Figure 33: Leaching kinetics of congruently dissolved Y , Zr and Ce from the ceramic pellet
No.2 or No.3 containing 10 wt% ceria prepared from dried powder at 110oC in UPW
Although the leaching kinetic of Y , Zr and Ce elements, released from ceramic pellets
No.2 and No.3 containing 10 wt % ceria dissolved congruently (see in the representative
Figure 33 for both pellets), Y , Zr and Ce elements, released from ceramic pellet No.1,
made from very fine powder are not the same and dissolve incongruently. According to
the imperfection of density and high pressure is being used for the powder compaction of
this pellet made from very fine powder dried at 110oC. High pressure is not suitable for
the powder compaction of very fine powder, calcined at very low temperatures [130] based
on the acquired knowledge of sintering mechanisms resulting from different compaction
pressures on different calcined powders. Therefore, the chemical durability of pellet No.1
is lower than that of the other pellets.
In addition, an inhomogeneous distribution of particles can occur on the upper surface
the ceramics as a result of re-treatment, such as polishing and removing of coated surface
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Figure 34: Leaching behavior of incongruently dissolved Y, Zr, Ce from ceramic pellet No.1
containing 10 wt % ceria prepared from very fine powder dried at 110oC in UPW
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Figure 35: Leaching behavior of Y , Zr and Ce elements from the (Zr, Y, Ce)Ox ceramic
pellets containing 10 wt % ceria prepared from powder dried at 110oC in UPW related to
ceramic density
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after the microstructure investigation by SEM . Thus, Y , Zr and Ce released from
ceramic pellet No.1 made from very fine powder incongruently dissolve.
Furthermore, the normalized leaching rate or solubility of ceria from this pellet in
UPW is the same order of magnitude as for the other two pellets. Although the solubility
of Zr from this pellet is one order of magnitude higher than for the other pellets No.2
and No.3 in water, the chemical durability of Y is one order of magnitude higher than
the same pellets. Thus, refractionation step did not really aid to the fabrication of the
powder compact for in this drying powder. The normalized leaching rate of each element
from each pellet can be seen in Figure 34.
4.6.5 Leaching behaviour of (Zr, Y, Ce)Ox ceramic pellets with 10 wt % ceria
made from powder calcined at 600oC
Four pellets with the same composition and different densities of powder compactions
made using various processes were chosen to investigate the leaching kinetics of the el-
ements Y , Zr and Ce from the (Zr, Y, Ce)Ox ceramic pellets with 10 wt % ceria made
from powder calcined at 600oC. The chemical durability tests were performed under sta-
tic conditions. The properties and the normalized leaching rates of the different pellets
can be seen in Table 8.
Table 8. Properties of the (Zr, Y, Ce)Ox ceramic pellets with 10 wt % ceria made from
powder calcined at 600oC and their leachability
No. Pellets Tcal Density Pressure Normalized Normalized Normalized
No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 SG189 600 0.90 80 1.41× 10−7 6.79× 10−6 2.23× 10−7
2 81 600 0.92 80 1.70× 10−6 9.90× 10−7 8.04× 10−7
3 SG218 600 0.94 2× 70 8.88× 10−7 1.67× 10−6 4.96× 10−7
4 SG10 600 0.95 80 1.90× 10−7 1.51× 10−7 1.58× 10−7
Where,
• Pellet No.1 made from very fine refractured powder with particles or agglomerate
size ≤ 4µm
• Pellet No.2 made from one-time pressing to powder prepared with agglomerate size
≥ 4µm by without refractionation step
• Pellet No.3 made from repressing to refractured powder with agglomerate size ≤
4µm
• Pellet No.4 made from refractured powder with agglomerate size ≤ 4µm
The elements Y , Zr and Ce from No's. 1, 2, 3 ceramic pellets with 10 wt % ceria are
homogeneously distributed in their microstructure before leaching. The leaching kinetics
of Y and Ce released from ceramic No.1 followed the linear line law for 189 days and Zr
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for 133 days. Saturation was reached at the same time, as shown Figure 36. Zr did not
dissolve congruently with Y and Ce elements in pellet No.1.
The leaching kinetics of the elements Y , Zr and Ce, released from ceramic pellet No.2
with 10 wt % ceria followed linear line law for 210 days and saturation began after this
time, as shown in Figure 37. Y did not dissolve congruently with Zr and Ce.
The leaching kinetics of Y and Ce, released from ceramic pellet No.3 followed linear
line law for 224 days. Y and Ce saturation was not reached in 224 days. Although Zr
followed linear line law for 189 days as shown in Figure 38, it did not dissolve congruently
with Y and Ce.
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Figure 36: The leaching behavior of (Zr, Y, Ce)Ox ceramic pellet No.1 with 10 wt % ceria
prepared from powder calcined at 600oC in UPW
The leaching kinetic of Y , Zr and Ce elements released only from ceramic pellet No.4
dissolved congruently and followed linear line law for 150 days. The saturation stage was
reached after 200 days, as shown in Figure 39.
Y and Zr from pellets No's. 1, 2, 3 dissolved incongruently due to the different
fabrication processes. In contrast, Ce dissolved at the same order of magnitude in ultra-
pure water, which is absolute independent from the fabrication processes of ceramics
containing ceria.
Although the density effect correlated with the leaching rate obvious in the results
obtained from the experiments (in Figure 39), the higher the density the more favourable
the form of the high chemical durability of ceramic pellets containing ceria prepared from
powder calcined at 600oC. The perfect congruent normalized leaching rate of Y , Zr and
Ce from pellet No.4 showed this in Figure 39.
Although the same sedimentation or refreactionation step, the same pressure for pow-
der compaction at the same temperature of 600oC, and the same sintering time and
process were used in the fabrication steps for both pellets No.1 and No.4, the chemical
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Figure 37: The leaching behavior of (Zr, Y, Ce)Ox ceramic pellet No.2 with 10 wt % ceria
prepared from powder calcined at 600oC in UPW
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Figure 38: The leaching behavior of (Zr, Y, Ce)Ox ceramic pellet No.3 with 10 wt % ceria
prepared from repressing to powder calcined at 600oC in UPW
stability of Zr decreased by one order of magnitude in the pellet with a lower density
than the pellet with a high density.
Moreover, although the repressing method led to a higher density for ceramic pellet
No.3 containing ceria in Figure 38, the chemical durability of Zr decreased by one order
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Figure 39: The congruent leaching behavior of (Zr, Y, Ce)Ox ceramic pellet No.4 with 10
wt % ceria prepared from powder calcined at 600oC in UPW
1.00E-07
1.00E-06
1.00E-05
1.00E-04
0 1 2 3 4 5
Pellets No;
N
o
rm
a
li
z
e
d
 l
e
a
c
h
in
g
 r
a
te
  
(m
o
l.
 m
-2
.d
-1
)
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
R
e
la
ti
v
e
 s
in
te
re
d
 d
e
n
s
it
y
 (
T
D
s
)
Y
Zr
Ce
TDs
Figure 40: Leaching behavior of Y , Zr and Ce elements from the (Zr, Y, Ce)Ox ceramic
pellets with 10 wt % ceria prepared from powder calcined at 600oC in UPW in relation to
the density of their ceramics
of magnitude, despite the fact that the sample a density similar to pellet No.4 in Figure
39.
The same normal pressing procedure with the same pressure range was used for No.2
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and No.4, but the leachability of the stabilizer (Y ) in No.2 decreased one order of magni-
tude. In fact, due to the different properties in the ceramic powder, which had different
particle sizes as a result of different fabrication routes with or without refractionation
processes. Moreover, although the chemical durability of Zr and Ce of the normally
pressed pellet No.2 in Figure 37 was of the same order of magnitude as pellet No.4, the
normalized leaching rates were higher than the that of pellet No.4 in Figure 40.
Thus, the fabrication process of pellet No.4 is the most favourable since it not only
results in a better density but also increases the chemical durability for ceramics contain-
ing 10 wt% ceria made from powders calcined at 600oC.
4.6.6 Calcination temperature effect in the leaching behaviour of (Zr, Y, Ce)Ox
ceramics with 10 wt % ceria
The effect of the calcination temperatures on the leaching behaviour of (Zr, Y, Ce)Ox
ceramics with 10 wt % ceria was investigated with three pellets made from different pow-
ders calcined calcined at 110oC, 600oC and 1600oC. The two pellets made from powder
dried and powder calcined at 600oC dissolved. Y released from the pellet made from the
powder calcined at 1, 600oC dissolved incongruently with its Zr and Ce. The normalized
leaching rate of Y released from the pellet was one order of magnitude higher than the nor-
malized leaching rate of Zr and Ce, as shown in the Figures 33, 39, 41 and 42 and Table 9.
Table 9. Properties of all (Zr, Y, Ce)Ox ceramic pellets with 10 wt% ceria made from
powder calcined at 110oC, 600oC, 1600oC
Pellets Tcal Density Pressure Normalized Normalized Normalized
No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 107 110 0.91 30 3.40× 10−7 3.49× 10−7 3.74× 10−7
2 SG10 600 0.95 80 1.90× 10−7 1.51× 10−7 1.58× 10−7
3 SG58 1600 0.96 70 1.31× 10−6 5.64× 10−7 6.79× 10−7
When the normalized leaching rate of each pellet are compared as shown in Table 9 and
Figure 42 the congruent normalized leaching rate with the lowest value has been found in
the pellet made from powder calcined at 600oC. The congruent normalized leaching rate
of each element form the pellet made from powder dried at 110oC is approximately twice
as high as the normalized leaching rate for elements from the pellets made from powder
calcined at 600oC. From the results obtained, it can be concluded that the pelletization
process, performed using the refractionation step for the powder calcined at 600oC, is the
most favourable fabrication process for the (Zr, Y, Ce)Ox ceramics with 10 wt % ceria
and for the immobilization of actinide wastes in this ceramics with long-term chemical
durability.
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Zr= 5.64E-07x + 2.57E-06
Y = 1.09E-06x + 8.30E-06
Ce = 6.06E-07x + 4.28E-06
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Figure 41: Leaching behavior of Y , Zr and Ce from (Zr, Y, Ce)Ox ceramics with 10 wt
% ceria prepared from powder calcined at 1600oC
1.00E-07
1.00E-06
1.00E-05
0 600 1200 1800
  Calcination temperature for the ceramic  pellets containing  ceria (°C) 
N
o
rm
a
li
z
e
d
 l
e
a
c
h
in
g
 r
a
te
  
  
  
  
(m
o
l.
 m
-2
.d
-1
)
0.85
0.90
0.95
1.00
R
e
la
ti
v
e
 s
in
te
re
d
 d
e
n
s
it
y
 (
T
D
s
)
Y
Zr
Ce
TDs
Figure 42: Leaching behavior of Y , Zr and Ce elements from (Zr, Y, Ce)Ox ceramics
prepared from powder calcined at 110oC, 600oC and 1600oC in relation to the density
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4.6.7 The effect of density in leaching behaviour of (Zr, Y, Ce)Ox ceramics
with 10 wt% ceria
The leachability of (Zr, Y, Ce)Ox ceramics with 10 wt % ceria in relation to their density
was also investigated for different pellets whose relative densities lie between 0.87 TD and
0.96 TD. The different calcination temperatures and processes are shown in Table 10. It
is clear that the leachibility of stabilized zirconia ceramics with 10 wt % ceria content is
independent from density which is one physical property resulted from different fabrica-
tion processes. The normalized leaching rate of each element from the ceramics dissolved
in ultra-pure water can be seen in Table 10 and Figure 43.
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Figure 43: Leaching rate of Y , Zr and Ce from (Zr, Y, Ce)Ox ceramic pellets containing
10 wt % ceria in relation to their density
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Table 10. Properties of all (Zr, Y, Ce)Ox ceramic pellets with 10 wt% ceria
Pellets Tcal Density Pressure Normalized Normalized Normalized
No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 SG147 110 0.87 60 7.57× 10−8 2.51× 10−6 1.32× 10−7
2 SG189 600 0.90 80 1.41× 10−7 6.79× 10−6 2.23× 10−7
3 SR46 110 0.91 22.5 2.56× 10−7 2.26× 10−7 1.05× 10−7
4 107 110 0.91 30 3.40× 10−7 3.49× 10−7 3.74× 10−7
5 81 600 0.92 80 1.70× 10−6 2.26× 10−7 8.04× 10−7
6 SG218 600 0.94 2× 70 8.88× 10−7 1.67× 10−6 4.96× 10−7
7 SG10 600 0.95 80 1.90× 10−7 1.51× 10−7 1.58× 10−7
8 SG58 1600 0.96 70 1.31× 10−6 5.64× 10−7 6.79× 10−7
4.6.8 The effect of fabrication process on the leaching behavior of (Zr, Y, Ce)Ox
ceramic pellets with 25 wt% ceria prepared from powder calcined at
600oC
Four pellets with the same composition and different densities after powder compaction
made from various processes were chosen for an investigate into the leaching kinetics of
Y , Zr and Ce from (Zr, Y, Ce)Ox ceramic pellets with 25 wt% ceria made from powder
dried at 110oC and powder calcined at 600oC. The chemical durability test was performed
under static condition.
Table.11. Properties of (Zr, Y, Ce)Ox ceramic pellets with 25 wt% ceria
Pellets Tcal Density Pressure Normalized Normalized Normalized
No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 99 600 0.90 80 6.89× 10−7 4.71× 10−7 5.06× 10−7
2 119 110 0.92 30 7.57× 10−7 3.44× 10−7 3.60× 10−7
3 SG183 600 0.94 70 2.59× 10−7 6.33× 10−6 9.82× 10−8
4 SG224 600 0.95 2× 70 9.50× 10−7 2.69× 10−6 2.72× 10−7
The properties of each pellet and the normalized leaching rate of each element from
the different pellets are presented in Figure 44 and Table 11. A high density, developed
as a result of different preparation steps, in relation to a high chemical durability was
not observed in the leaching investigation of (Zr, Y, Ce)Ox ceramics with 25 wt % ceria
content.
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Figure 44: Leaching rate of Y , Zr and Ce from (Zr, Y, Ce)Ox ceramic pellets with 25
wt% ceria related with their density
4.6.9 The effect of ceria content on the leaching behaviour of the pellets
under static conditions
The chemical durability of synthesized ceramic pellets made from powder dried at 110oC
and samples prepared from powders calcined at 600oC is good under the experimental
set-up conditions. This conclusion was reached from the value of the normalized leaching
rate calculated using formulas 37 and 42.
The normalized leaching rate of each element from pellets with different ceria content
dissolve congruently in ultra pure-water, whereas the normalized leaching rate of each
element Y , Zr and Ce in the matrix with 5 wt % ceria content reached the maximum
value of 10−6molm−2d−1 and the minimum value of 10−7molm−2d−1 in the matrix with
25 wt % ceria content in ultra-pure water. The normalized leaching rate of Y , Zr and Ce
from synthesized ceramic pellets made from powder dried at 110oC seems to be dependent
from the ceria content in the matrix. This was especially true for ceramics with a ceria
content ranging from 10 wt % to 15 wt % to 20 wt %. The normalized leaching rates
of Y , Zr and Ce increased with the increasing amount of ceria content in the matrix.
However, the normalized leaching rate of Y , Zr and Ce from the ceramics with 25 wt %
ceria content did not follow this trend, although the ceria content was higher than those
concentrations in the matrix, shown in Table 12 and Figure 45.
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Table 12. Properties of (Zr, Y, Cea)Ox ceramic pellets with different ceria content
made from powder dried at 110oC
Ceria Pellets Tcal Density Pressure Normalized Normalized Normalized
content No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(Wt%) (molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
0% 4 110 0.91 25 7.83× 10−7 9.27× 10−7 -
5% 103 110 0.90 30 4.47× 10−6 1.15× 10−6 1.18× 10−6
10% 107 110 0.91 30 3.40× 10−7 3.49× 10−7 3.74× 10−7
15% 111 110 0.90 30 6.17× 10−7 7.77× 10−7 2.10× 10−7
20% 114 110 0.90 20 8.47× 10−7 9.59× 10−7 5.00× 10−7
25% 119 110 0.88 30 7.57× 10−7 3.44× 10−7 3.60× 10−7
Table 13. Properties of all (Zr, Y, Cea)Ox ceramic pellets with different ceria content
made from powder calcined at 600oC
Ceria Pellets Tcal Density Pressure Normalized Normalized Normalized
content No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(Wt%) (molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
0% 14 600 0.904 35 6.93× 10−7 4.38× 10−7 -
5% 74 600 0.899 80 1.86× 10−6 1.83× 10−6 3.34× 10−7
10% 81 600 0.924 80 1.70× 10−6 9.90× 10−7 8.04× 10−7
15% 87 600 0.914 80 2.16× 10−6 9.59× 10−7 7.66× 10−7
20% 93 600 0.908 80 1.94× 10−6 7.93× 10−7 7.20× 10−7
25% 99 600 0.874 80 7.82× 10−7 7.26× 10−7 5.06× 10−7
Table 14. Properties of all (Zr, Y, Cea)Ox ceramic pellets made by repressing powder
calcined at 600oC
Ce Pellets Tcal Density Pressure Normalized Normalized Normalized
content No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(wt%) (molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
5% SG216 600 0.945 2× 70 6.37× 10−7 1.68× 10−6 5.99× 10−7
10% SG218 600 0.935 2× 70 8.88× 10−7 1.67× 10−6 4.96× 10−7
15% SG220 600 0.941 2× 70 5.16× 10−7 2.35× 10−6 2.04× 10−7
20% SG222 600 0.948 2× 70 2.68× 10−7 8.03× 10−8 8.08× 10−8
25% SG224 600 0.949 2× 70 9.50× 10−7 2.69× 10−6 2.72× 10−7
The chemical durability of samples prepared using normal fabrication without any
other modification steps, such as refractionation or repressing for powder compaction,
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Figure 45: Leaching behavior of Y , Zr and Ce from the (Zr, Y, Cea)Ox ceramic with
different ceria content made form powders dried at 110oC in relation to density
with powders dried at 110oC is higher than for those samples prepared from powders
calcined at 600oC. Their normalized leaching rate is approximately twice as lower as the
normalized leaching rate of samples prepared from powders calcined at 600oC, as shown
in Tables 12 and 13. The ceramic pellets with 25 wt % ceria content did not follow this
trend.
Y , Ce and Zr in the (Y, Zr, Cea)Ox ceramics prepared from powders calcined at
600oC dissolved incongruently in ultra-water, except (Y, Zr)Ox matrix and (Y, Zr, Ce)Ox
ceramics with 25 wt% ceria as shown in Table 13 and Figure 46. The maximum value of
the normalized leaching rate of Y , Zr and Ce in the matrix was of the order of magnitude
of 10−6molm−2d−1, whereas the minimum value was 10−7molm−2d−1. The normalized
leaching rate of Y rapidly increased when it was incorporated with tetravalent ceria 5
wt %. However, stabilized Y from the ceramics with 10 wt % to 20 wt % ceria content
dissolved at a constant value of normalized leaching rate in ultra-pure water.
The normalized leaching rate of Zr and Ce from the ceramic pellets made from powder
calcined at 600oC seemed to be independent from the ceria content in the matrix. This
was particularly true for ceramics with a ceria content between 10 wt % and 20 wt %.
The value of the normalized leaching rate of Y , Zr and Ce elements did not increase
in relation to their ceria content in the matrix. Although the normalized leaching rate
of Y is one order of magnitude higher than the normalized leaching rate of Zr and Ce
in these compositions, the normalized leaching rate of Y , Zr and Ce in these different
compositions appeared to be approximately the same. Furthermore, instead of an increase
in the leaching rate, the normalized leaching rate of Y and Ce elements from the ceramics
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Figure 46: Leaching behavior of Y,Ce and Zr from the (Zr, Y, Cea)Ox ceramics made
from powder calcined at 600oC in relation to density
with 25 wt % ceria content showed lower data (see in Table 13) than the other compositions
with lower ceria contents. Y , Zr and Ce from samples prepared using fabrication with
other modification steps, like refractionation and repressing for powder compaction of
powder calcined at 600oC dissolved incongruently under static conditions.
It was found that the leachibility of Zr from repressed pellets decreased one order of
magnitude in comparison with normal pressed pellets made from powder dried at 110oC
and powders calcined at 600oC, except the repressed ceramic pellet with 20 wt % ceria
content. Y and Ce from each repressed pellet dissolved congruently at the order of mag-
nitude 10−7molm−2d−1, whereas the normalized leaching rate of Zr is 10−6molm−2d−1.
However, one advantage was found for the leaching behaviours of repressed pellet with
20 wt % ceria content. Although the constitutions of this pellet dissolved incongru-
ently under static conditions, the normalized leaching rate of Zr and Ce appeared at
10−8molm−2d−1, as shown in Table 14 and Figure 47. This was one order of magnitude
higher than the chemical durability of elements from the normal pressed pellets made
from dried or calcined powder.
The normalized leaching rates or dissolution rates of each element are presented with
the increasing ceria content in synthesized matrix prepared from both powders dried at
110oC in Figure 45 and powder calcined at 600oC in Figures 46 and 47 and Tables 12, 13
and 14. Further investigations of inter-atomic layer, ion-ion bond energy and cation-anion
distance, cation-cation distance, anion-anion distance, as well as local atomic structure by
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Figure 47: Leaching behavior of Y , Zr and Ce from the (Zr, Y, Cea)Ox repressed ceramic
pellets made from powder calcined at 600oC related with density
Extended X-ray Absorption Fine Structure (EXAFS) for better interpretation of leaching
behavior of ceramics with 5 wt % and 25 wt % ceria content are still required.
4.6.10 The effect of ceria content on the leaching behaviour of (Zr, Y, Cea)Ox
pellets under dynamic test-conditions
Although the normalized leaching rate of the elements in the ceramic was in the µmolm−2d−1
range, the elements dissolved congruently under dynamic experimental conditions. The
dissolution in the MCC − 5 test is more severe than under static MCC − 1 conditions,
because the water flow prevented any saturation effect and precipitation in the solution
which can retard the dissolution rate of constituents. The normalized leaching rate of
Y , Zr and Ce in the matrix was in the range 1 − 6 × 10−6molm−2d−1. This was the
normalized leaching rate of cerium from (Zr, Y, Cea)Ox ceramics under dynamic condition
and was one order of magnitude higher than for static conditions as shown in Tables 15
and 16 and Figures 48 and 49.
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Figure 48: Leaching behavior of Y , Zr and Ce from the (Zr, Y, Cea)Ox ceramic pellets
prepared from powder at calcined 600oC under dynamic leaching conditions in relation to
density
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Figure 49: Leaching behavior of Y , Zr and Ce from the (Zr, Y, Cea)Ox ceramic pellets
prepared from powder calcined at 600oC under static leaching conditions in relation to
density
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Table 15. Properties of (Zr, Y, Cea)Ox pellets during dynamic leaching.
Ceria Pellets Tcal Density Pressure Normalized Normalized Normalized
content No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(Wt%) (molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
5 72 600 89.6 891 2.28× 10−6 1.57× 10−6 1.92× 10−6
20 130 600 91.5 1019 1.80× 10−6 2.48× 10−6 1.32× 10−6
25 97 600 87.3 1019 1.99× 10−6 2.50× 10−6 6.41× 10−6
Table 16. Properties of (ZrY Cea)Ox ceramic pellets under static leaching
Ceria Pellets Tcal Density Pressure Normalized Normalized Normalized
content No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(Wt%) (molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
5 74 600 89.9 1019 1.86× 10−6 1.83× 10−6 3.34× 10−7
20 93 600 90.8 1019 1.94× 10−6 7.93× 10−7 7.20× 10−7
25 99 600 87.4 1019 6.89× 10−7 4.71× 10−7 5.06× 10−7
4.6.11 Leaching results from (Zr, Y, Ce)Ox ceramic pellets with 20 wt % ceria
in dynamic leaching test
The leachability of elements from (Zr, Y, Ce)Ox ceramic pellets with 20 wt % ceria in
relation to their microstructures was investigated under dynamic test conditions. Several
microstructures can result for several reasons: material transport due to water attack in
pores, the dissolution of material at grain contacts and precipitations in pores. Preferential
dissolution at grain contacts were normal to compression and re-precipitation at grain
contacts. The material loss was localized by dissolution at the strain cap and a localized
precipitation pressure shadow around the grain of the microstructure.
Diffusional transport of Y , Zr and Ce from (Zr, Y, Ce)Ox ceramic pellets with 20 wt
% ceria and interfacial reactions can be enhanced as a driving force by inducing pressure
along the grain boundaries by diffusing water and across the interfaces using reactions
with water in the Soxhlet experiment at 100oC.
The imperfect homogeneous distributions of concentrations of Y , Zr and Ce in the
grain boundaries (for low wetting angles), boundary of inter-intra pores, in pockets (where
four grains meet for high wetting angles), in tubes at triple-grain boundary junctions (for
medium wetting angles), of the ceramics seemed to be higher than the those elemental
concentrations at the inter grain in (Zr, Y, Ce)Ox ceramics with 20 wt % ceria as shown
in Figure 26 a, b, c.
The concentration of Y , Zr and Ce from three (Zr, Y, Ce)Ox ceramic pellets with 20 wt
% ceria were not equally homogeneous at above mentioned areas in the same composition.
This can be seen in the SEM photography and EDX line assessment in Figure 26 a,b,c.
The congruent normalized leaching rate of Y , Zr and Ce was found in only one pellet,
No. 2, and was in the order of magnitude 10−6molm−2d−1. The normalized leaching rate
of Zr and Y in pellet No.1 and No.3 were 10−5molm−2d−1. They dissolved incongruently
in both ceramic pellets 20 wt % ceria. Therefore, diffusion correlates with the grain size
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and grain boundary, such as the potential of a solid dissolved in a fluid adjacent to the
surface of the solid, stresses transmittance or transference of grain boundaries to grain and
grain to grain based on either compressive or extensional grain boundary influence. The
flux passing through the grain boundary fluid, which is proportional to the concentration
gradient along the grain boundary, is also proportional to the potential and inversely
proportional to the grain size.
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Figure 50: (Zr, Y, Cea)Ox ceramic pellets with 20 wt % ceria prepared from powder calcined
at 600oC under dynamic conditions in relation to density
Table 17. Properties of (Zr, Y, Ce)Ox ceramic pellets with 20 wt % ceria under dy-
namic leaching conditions
No. Pellets Tcal Density Pressure Normalized Normalized Normalized
No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 88 600 90.4 891 8.08× 10−6 1.25× 10−5 2.63× 10−6
2 130 600 91.5 1019 1.80× 10−6 2.48× 10−6 1.32× 10−6
3 57 600 92.4 1019 1.78× 10−5 7.83× 10−6 8.90× 10−6
The flux, which has to go through an area proportional to the cross-sectional area of
grain boundary, is directly proportional to the grain size. The correlation of reaction on
grain size and grain boundary should be taken into account in the leaching kinetics of
(Zr, Y, Ce)Ox ceramic pellets with 20 wt % ceria being used under dynamic conditions
because the leachability of the ceramic with the a geometrical pore surface at deeper
levels depends on the balance between grain-grain boundary surface energy and grain-
fluid boundary surface energy (wetting angle). As such, more detailed investigations are
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needed for the interpretation of the leaching kinetic of (Zr, Y, Ce)Ox ceramic pellets with
20 wt % ceria shown in Figure 50 and Table 17.
4.7 Characterization of leached samples after the leaching exper-
iment
4.7.1 Microstructure changes of (Zr, Y, Ce)Ox pellets containing 10 wt % ceria
prepared from powder calcined at 600oC after the leaching experiment
The surface microstructure on the surface of pellets containing 10 wt % ceria after the
leaching experiment in ultra-pure water for 360 days can be seen in Figure 51 a, b and
c. The investigation of microstructure changes was performed using scanning electron
microscopy (SEM).
   
a b c
Figure 51: a. Surface microstructure of (Zr, Y, Ce)Ox ceramic pellet No. 1 with 10 wt %
ceria after the leaching experiment in ultra-pure water for 336 days, b. Surface microstruc-
ture of (Zr, Y, Ce)Ox ceramic pellet No. 2 with 10 wt % ceria after the leaching experiment
in ultra-pure water for 360 days, c. Surface Microstructure of the (Zr, Y, Ce)Ox ceramic
pellet No.3 with 10 wt % ceria after the leaching experiment in ultra pure water for 360
days
Although Zr dissolved incongruently twice as higher as Y and thrice as higher as
Ce in pellet No.1, less Zr precipitated than in the other pellets and a negligible amount
of Y and Ce precipitation was contained in the leachant, obtained from the wall of the
glass vessel after it was washed with HNO3 acid at the end of the leaching experiment.
Moreover, no precipitation was found on the surface of (Zr, Y, Ce)Ox ceramic pellet No.1
with 10 wt % ceria whereas some small particles were found on the surfaces of pellet No.2
and pellet No.3.
In the pellet No.2 Y dissolved incongruently in comparison with Zr and Ce. Although
incongruence was not great, a higher Y and Ce precipitation than for other pellets (No.1
and No.3) was found in the leachant, obtained from the wall of the glass vessel after it
was washed with HNO3 acid at the end of leaching experiment. The photo of this pellet
before the experiment was compared to the photo of this pellet after leaching and can be
seen in Figure 52 a and b. Although the homogeneity of the elemental concentrations in
all pellets did not change after the leaching experiment, the Y , Zr and Ce concentrations
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of segregations on the surface microstructure of pellet No.2 seemed to be higher than the
initial chemical composition.
Although Y , Zr and Ce dissolved congruently in pellet No.3, precipitation was found
on the surface of (Zr, Y, Ce)Ox ceramic pellet No.3. The amount of Y and Ce precipitation
was compared to Y and Ce precipitation from the pellet No.1 in the leachant, obtained
from the wall of the glass vessel after it was washed with HNO3 acid at the end of leaching
experiment. Moreover, it was found that the precipitation of Zr is approximately equal
in these three pellets. However, Zr dissolved at different rates in this experiment.
  
a b
Figure 52: a. Surface microstructure of (Zr, Y, Ce)Ox ceramic pellet No.2 with 10 wt
% ceria before the leaching experiment in ultra-pure water. b. Surface microstructure of
(Zr, Y, Ce)Ox ceramic pellet No.2 with 10 wt % ceria after the leaching experiment in
ultra-pure water for 336 days
According to results obtained from the normalized leaching rates and precipitations
of Y , Zr and Ce in leached samples using SEM , it is obvious that the ceramic fabri-
cation procedures with refraction can give an advantage for good chemical durability of
synthesized ceramics made from calcined powder at 600oC.
4.7.2 Phase stability of (Zr, Y, Ce)Ox pellets with 10 wt % ceria made from
powder calcined at 600oC after the leaching experiment
The phase stability of the ceria ceramic pellets prepared from powder calcined at 600oC
after the leaching experiment was also controlled by XRD. The X-ray spectra of the
phase formation of yttria-stabilized zirconia with 10 wt % ceria and of ceramic pellets
with different densities prepared using different methods are shown in Figure 53. The
different behaviour of phase stability was found even in ceria ceramic pellets with the
same composition of 10 wt %. Phases changes are related to pellets' initial properties
before they were used in leaching experiments.
According to the X-ray patterns obtained, the phase stability of cubic fluorite is dis-
tinct only for the pellets prepared with refractionation step. All elements released from
the refractioned pellet No.1, whose crystalline size was 100 nm and relative sintered den-
sity was 0.90 TD, dissolved incongruently. Only 0.01 <ε20 >1/2 microdeformation level
was found after the leaching experiment for approximately 1 year.
In contrast, microdeformation was the behaviour of the pellet No.3. Although all
elements released from the refractioned pellet , whose crystalline size was 333.3 nm and
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relative density was 0.95 TD dissolved congruently, the 0.04 <ε20 >1/2 microdeformation
level was found after the leaching experiment for approximately 1 year.
The microdeformation of the pellet No.2 cannot be evaluated using the Hall-Williamson
method because the full width half maximum of obtained spectra for this pellet after the
leaching experiments for 360 days in ultra-pure water from Figure 53 is smaller than the
standard full width half maximum of standard spectra. However, an atomic layer change
or phase transformation could probably occur for the pellet prepared from powder cal-
cined at 600oC without a refractionation step, based on the X-ray pattern obtained which
shows differences from the standard spectra for the cubic fluorite phase. Additionally, a
high dissolving rate for yttria and precipitation for this pellet were found.
Table 18. Properties of the (Zr, Y, Ce)Ox ceramic pellets with 10 wt % ceria made
from powder calcined at 600oC
No. Pellets Tcal Density Pressure Normalized Normalized Normalized
No (oC) (g cm−3) (kN) leaching rate leaching rate leaching rate
(molm−2d−1) (molm−2d−1) (molm−2d−1)
(Y) (Zr) (Ce)
1 SG189 600 0.90 80 1.41× 10−7 6.79× 10−6 2.23× 10−7
2 81 600 0.92 80 1.70× 10−6 9.90× 10−7 8.04× 10−7
3 SG10 600 0.95 80 1.90× 10−7 1.51× 10−7 1.58× 10−7
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Figure 53: The X-ray spectra after leaching of yttria-stabilized zirconia ceramics with 10
wt % ceria content made from powder calcined at 600oC and sintered at 1, 600oC
where,
WS = preparations of pellet No.2 without a sedimentation or refraction step
Sed; = preparations of pellets No.1 and No.3 with a sedimentation or refractionnation
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step
The investigation of phase changes only at nm or µm depth on the surfaces of pellets
containing 10 wt % ceria after leaching experiment for 360 days in ultra-pure water by
XRD and SEM were not enable to give exact answer for ionic displacement or vacancy
of the interior atomic structure of the nanoceramics. The uncertainty of systematic er-
rors in detection device for pellets made using powder diffraction method should also be
taken into account. An argon atmosphere is used for the chemical durability test under
experimental set up condition at 90oC to prevent carbonate formation. Possible reactions
such as solid circles of Ce should also be taken into account.
4.7.3 Phase stability of (Zr, Y, Ce)Ox ceramic pellets with 10 wt % ceria made
from powder dried at 110oC after leaching
The phase formation in a yttria-stabilized zirconia matrix incorporated with different ceria
contents made from powder dried at 110oC after the leaching experiment was investigated
using XRD. The results are shown in Figures 54-62. The yttria-stabilized zirconia matrix
seemed to be stable as a cubic fluorite structure after leaching experiment for 360-564 days
in UPW at 90oC. However, according to the patterns obtained, showed an imperfection
in the cubic fluorite phase formation for ceramics containing ceria.
2-theta values of reflected patterns at 42.61-42.85 (degrees) for all ceria contents were
dubious for the phase stability of cubic fluorite phase of ceria ceramics in Figure 54. in
the present study. This may be due to additional phase formations, as tetragonal phases
combining together in the main cubic fluorite phase in the original ceria ceramics before
the leaching time. Both original cubic fluorite and tetragonal phases in original ceria
ceramics may transform into a monoclinic phase after the leaching experiment due to
several reasons.
There are different explanations for the phase transformation of ZrO2. During hy-
drothermal treatment, the cubic phase firstly transforms into a tetragonal one as an
intermediate, then the tetragonal phase transforms further into a monoclinic one during
the hydrothermal treatment. The tetragonal phase is much more sensitive to water vapor
than the cubic phase and the degradation of tetragonal to monoclinic is fast [70].
In fact, tetragonal ZrO2 can undergo a tetragonal to monoclinic transformation if wa-
ter or water vapor is present when annealed at relatively low temperatures (65− 400oC).
It has been shown that such a transformation is due to the annihilation of oxygen va-
cancies [70]. By creating and annihilating oxygen vacancies in ZrO2, a critical minimum
and a critical maximum of oxygen vacancy concentration for cubic, tetragonal and mono-
clinic phase exists respectively. Sufficient oxygen vacancy concentration variation results
in phase transformation [168]. The diffusion of oxygen vacancies plays an important
role in the degradation of ZrO2 whereas the oxygen vacancies play an important role in
the stabilization of ZrO2 [169]. Degradation most probably results from some kinds of
processes involving oxygen vacancies. In many oxides, oxygen vacancies can be annihi-
lated through the incorporation of water molecules depending on proton defects (OH)·O
[170] are therefore produced.
H2O + V
··
O +O
x
O ⇔ 2(OH)·O (46)
Based on this concept, a new mechanism was proposed in [171]:
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Figure 54: The X-ray patterns after leaching for phase formation of yttria-stabilized zir-
conia matrix with different ceria content done by drying powder at 110oC and sintered at
1600oC
• chemical adsorption of H2O on ZrO2 surface,
• reaction of H2O with O2− on the ZrO2 surface to form hydroxyl groups OH−
• penetration of OH− into the inner part probably by grain boundary diffusion,
• annihilation of oxygen vacancies by OH−,
• when the oxygen vacancy concentration is reduced so that the tetragonal phase is
no longer stable, a tetragonal to monoclinic transformation occurs.
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If the size of the phase transformation is large enough, due to the volume expansion
associated with it, cracks can be produced in the transformed surface layers. These cracks
open up new surfaces which react with water molecules, leading to a further spontaneous
transformation.
Moreover, Y (OH)3 crystallites in the degraded Y2O3-doped ZrO2 ceramics was ob-
served in [172]. Therefore, it was suggested that water vapor reacted with Y2O3 to form
the crystallites, which locally drew Y2O3 from tetragonal grains, transforming the tetrago-
nal grains into monoclinic ones. On the other hand, water vapor reacted with Zr−O−Zr
bonds and Zr − OH bonds were formed [173]. However, according to Yoshimura et al
[174, 175] the dissociation of H2O at the ZrO2 surface and the formation of Zr − OH
or Y − OH bonds, resulting in lattice strain at the surface, promoted the tetragonal-
to-monoclinic transformation [174, 175]. It was proposed that the reaction of hydroxyl
groups OH− in the more active points (Y2O3) and formation of an oxyhydroxide YO(OH)
species was the key process responsible for the degradation of Y2O3-doped ZrO2 [176].
Nevertheless, it has always been presumed that c − ZrO2 is stable under similar
conditions. However, hydrothermal degradation of cubic zirconia due to several reasons
was mentioned in [70, 71, 177, 178, 179]. For example, after annealing at 250oC under a
vapor pressure of 2.6×10−2 atm for 2 years, the 8 mol % Y2O3- doped cubic ZrO2 ceramic
samples cracked. Even though the sample phase was still predominantly cubic, subsequent
X-ray diffraction studies indicated that a kind of phase transformation actually occurred,
while TEM investigations and electron diffractions demonstrated the precipitation of
monoclinic ZrO2. After annealing, the electrical conductivity of the sample was found to
increase by about 30 %, suggesting proton conduction. This is the first observation of the
hydrothermal degradation in cubic ZrO2 [70].
It was also evident that the focus on determining which phase (cubic vs. monoclinic)
of zirconia powder is suited for the ideal rapid thermal decomposition of precursors in
solution (RTDS), the processing of cubic zirconia (c-ZrO2) powders with a high surface
area (> 200 m2/g) caused a transformation into the monoclinic form (m-ZrO2) under
catalytic reaction conditions.
Moreover, cubic-stabilized zirconia (8 mol % Y2O3) was widely recognized as ageing
resistant, however recent results obtained by Gibson et al [115] showed that such a fully
cubic-stabilized zirconia ceramic, aged in boiling water for 24 Hs, exhibited degradation
and a phase change from the stable cubic phase to the monoclinic phase.
These facts along with the change of occupancy of the atom positions could result in
different intensity ratios for (ZrY Cea)Ox ceria ceramics under leaching media in UPW
during the experiment under argon atmosphere at 90oC according to XRD patterns
shown in Figures 55-62. The difference from its original patterns of ceria ceramics before
leaching experiments are clearly visible. The low stability and hydrothermal degradation
of cubic zirconia annealed in argon-water vapor for 2 years was pointed out in [70, 29]. The
phenomena of the XRD data reflected pattern for those investigations are very similar
to those observed for yttria-stabilized zirconia ceramics incorporated with ceria under
argon atmosphere at 90oC after a leaching time of 564 days in the present dissertation.
Moreover, shoulders in the reflected XRD pattern for the diffraction peaks of cubic phase
were also noted in the current study. Even so, the phase of all ceria pellets was still
predominantly cubic after the leaching experiment. The (111)C peak of the ceramic
samples before and after the leaching experiment were compared in Figures 55-62.
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Figure 55: The X-ray patterns for phase transformation on the (111) plane of
(ZrY Cea)Ox ceramics made from powder dried at 110oC and sintered at 1, 600oC
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Figure 56: The X-ray patterns before and after leaching for the yttria-stabilized zirconia
matrix made from powder dried at 110oC and sintered at 1600oC
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Figure 57: The X-ray patterns before and after leaching for the yttria-stabilized zirco-
nia matrix with 5 wt % ceria content made from powder dried at 110oC and sintered at
1, 600oC
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Figure 58: The X-ray spectra before and after leaching for the yttria-stabilized zirconia
matrix with 10 wt % ceria content made from powder dried at 110oC and sintered at
1, 600oC
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Figure 59: The X-ray spectra before and after leaching for the yttria-stabilized zirconia
matrix with 15 wt % ceria content made from powder dried at 110oC and sintered at
1, 600oC
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Figure 60: The X-ray spectra before and after leaching for the yttria-stabilized zirconia
matrix with 20 wt % ceria content made from powder dried at 110oC and sintered at
1, 600oC
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Figure 61: The X-ray spectra before and after leaching for the yttria-stabilized zirconia
matrix with 25 wt % ceria content made from powder dried at 110oC and sintered at
1, 600oC
It is clear that a shoulder such as that shown in Figure 56, does not appear without
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Figure 62: The X-ray patterns after leaching for phase shift of the (111) plane depending
on different ceria contents
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Figure 63: Microdeformation and crystalline size of ceria pellets made from powder dried
at 110oC by XRD
hydrothermal treatment. Therefore, the presence of shoulders suggests that a kind of
phase transformation actually occurred during the leaching treatment. Hence, it can be
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concluded from the resulting XRD patterns after the leaching experiment in this study
that the enhancement of phase changes can probably occur in (ZrY Cea)Ox ceria ceramic
pellets during experiments. The dislocation <ε20 >1/2 ranged from the minimum value of
zero to the maximum value of 0.025 in sintered ceramic pellets containing ceria made from
powder dried at 110oC after the leaching experiment under static conditions, (Figure 63).
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4.8 Discussion on ceria ceramics
4.8.1 Physical properties
The cubic yttria-stabilized zirconia matrix with different amounts of ceria (0-25 wt %)
was synthesized by using the co-precipitation method and by not only drying it at 110oC
in an oven for one day, but also calcining it at 600oC for 2 hours in an oven. This very
simple fabrication method was chosen for the synthesis of all powders.
Different distribution of agglomerates were found in the same powder dried at 110oC.
Two Gaussian distributions of average agglomerate size D0.5 = 42.34 (µm) and of larger
than average agglomerate size D0.5 = 410 (µm) were found simultaneously in the powder
dried at 110oC which was measured using optical microscopy.
Ceria ceramic powder with a particle size of less than or equal to 4.4µm was fabricated
using the mild attrition method on powders dried at 110oC and powders calcined at 600oC
with both acetone and propanol solvent milling media. Acetone milling solvent media
in mild attrition lead to better physical properties in the final products than propanol
milling media. Powder calcined at 600◦C after milling in acetone had a surface area of
1− 16 m2g−1, according to BET measurements.
The structure formation with ceria in (Y Zr)Ox matrix was also measured by X-ray
powder diffractometry (XRD). The dominating cubic fluorite structure was found in the
yttria-stabilized zirconia matrix with the simulant ceria. It was noted that the phase
formation of cubic fluorite structure in relation to the calcination temperatures had dif-
ferent features than the amorphous phase 110oC after drying, than the crystalline phase
at 600oC after calcination, and than the cubic fluorite solid solution at 1, 400oC after
sintering.
The solubility limit of simulant ceria in the synthesized yttria stabilized c-zirconia
matrix powder at a temperature of 1, 400oC as a cubic fluorite solid solution was based
on the atmosphere in the sintering stage for ceria ceramics in the literature. The solubility
limit of ceria in c-zirconia as a fluorite structure is 28-30 wt %, in a reducing atmosphere.
Pyrochlore phase formation can appear beyond this content in the c-zirconia matrix.
It has been found that cubic fluorite solid solution structure formation occur mainly in
yttria-stabilized zirconia incorporated with simulant ceria of the 0 wt % to 25 wt % range
in an air sintering atmosphere. The tetragonal phase as a minor phase may be present
due to the imperfections of XRD patterns in present study.
The lattice parameter of the main cubic fluorite phase proved that the validity of
Vegard's Law between the matrix and the simulant waste as a mechanical mixture in
temperatures of 600oC and 1, 400oC by generating the following two equations:
a, nm = 0.032CCeO2 + 0.5141 Tc = 600
oC (47)
a, nm = 0.028CCeO2 + 0.51385 Tc = 1400
oC (48)
After these basic investigations into the characteristics of the powders, (ZrY Cea)Ox
powders with different ceria contents (a= 0%, 5%, 10%,15%,20%,25%, mass % Ce) were
compacted into pellets using different isostatic pressures, that ranged from 229MPa to
1019MPa.
The relative green density of (ZrY Cea)Ox pellets with different ceria concentrations
made from powder dried at 110oC and powder calcined at 600oC was found as linear
119
dependence on the pressure used for powder compactions.
The green density of the pellets produced from powder calcined at 600oC was higher
than that of the pellets produced from powder dried at 110oC. The relative green density
was achieved in 0.34-0.43 TD from the powder compactions, made from powder dried at
110oC, containing different ceria contents of 5 wt%-25 wt%, using an optimal pressure
of 255 − 509MPa range. The maximum relative sintered density of these pellets was
achieved in 0.91 TD. Better relative sintered density was achieved in 0.93 TD from the
powder compactions with 0.51-0.53 TD green density, made from powders calcined at
600oC, containing different ceria content of 5 wt%-25 wt%, using an optimal pressure of
1019MPa.
As mention above, ceramics were produced with different ceria content of 0 wt%
to 25 wt% using different fabrication methods. Although calcination temperatures of
powder fabrication routes were varied in the synthesis of powders containing different
ceria contents, the sintered density obtained from those pellets were comparable with
each other after sintering at 1400oC for 6 hours by using optimal parameter pressure.
Finally, the constant nature of the sinterability, independent from the proportion of ceria
content in the matrix was achieved by after sintering at 1400oC.
After sintering stage, the sinterability of pellets made from powders calcined at 600oC
has typical pressure dependence for all ceria concentrations and the samples have simi-
lar physical properties such as constant density, microhardness, size and microstructure
of grains and boundaries. The average grain size measured from the images taken by
scanning electron microscopy (SEM) is approximately 18 µm in yttria-stabilized zirco-
nia ceramic pellet with 10 wt % ceria. The grain size distribution followed the Gaussian
distribution. The pellets containing 10-20 wt % ceria with 0.91 TD produced from pow-
der dried at 110oC, also had good microstructure with homogeneity of all constituents ie
zirconium, yttrium and cerium. The investigations were carried out using SEM/EDX.
The distribution in the sintered pellets, measured by EDX showed well-formed grains and
boundaries and uniformly distributed pores. The pores are mainly located at triple-grain
boundary junctions and inside the grains.
The lattice parameter of pellets made from powder dried at 110oC and powder cal-
cined at 600oC follows the Vegard's law with the equation at a, nm = 0.029.CCeO2 +
0.5133. . . . . . . . . . . .Tc = 1400oC(pellets) . The dislocation <ε20 >1/2 existed in the min-
imum zero to maximum 0.01 range in ceria ceramic pellets after they were sintered at
1400oC before the leaching experiment. After the leaching experiment for 546 days in
ultra-pure water under static conditions, the dislocation <ε20 >1/2 existed in the minimum
zero to maximum 0.025 range in ceria ceramic pellets made from powder dried at 110oC.
The maximum microhardness achieved in the microhardness assessment with inden-
tation test for the ceramic pellet with 10-20 wt % ceria was Hv ∼ 13.57Gpa. The
microhardness values for pellets with a ceria content range 10-20 wt % made from pow-
ders dried at 110oC were stable and higher than for the microhardness of pellets produced
from powder calcined at 600oC, although their density range 0.88 TD-0.91 TD, was lower
than the relative density range for pellets produced from the powder calcined at 600oC
(0.90 TD to 0.92 TD). Therefore, the results obtained from the indentation tests for ceria
ceramics with different densities, showed that a constant relative density value is advan-
tageous in predicting more precisely the relationship between microhardness and ceria
content in the yttria-stabilized zirconia matrix for the microhardness measurements for
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pellets containing different levels of ceria concentrations .
4.8.2 Chemical properties
In the current study, the chemical durability of ceramics containing ceria was investigated
in relation to the properties of the ceramics which were manufactured using different
fabrications steps. The leaching liquid used was ultra-pure water (UPW ). The leaching
behavior of (Zr, Y )Ox matrix pellets, (Zr, Y, Ce)Ox with different ceria contents of 0
wt %-25 wt %, made from powder dried at temperature 110oC and powder calcined at
600oC was investigated over 546 days. The leaching behavior of Y , Zr and Ce released
from (ZrY Ce)Ox ceramic pellets were investigated in relation to different ceria contents,
calcination temperatures (dried at 110oC and calcined at 600oC and 1600oC), different
densities, powder compaction using a repressing and/or refractionation process, under
static or dynamic test-conditions. The experiments performed were aimed to investigated
as follows:
• leaching behavior of (Zr1−xYx)O2−0.5x matrix pellets under static conditions
• leaching behavior of (Zr, Y, Ce)Ox ceramic pellets with 5 wt % ceria under static
and dynamic test-conditions
• leaching behaviour of (Zr, Y, Ce)Ox ceramic pellets with 10 wt% ceria content made
from powder dried at 110oC and calcined at 600oC under static test-conditions
• the effects of fabrication process, calcination temperature and density in the leaching
behaviour of (Zr, Y, Ce)Ox ceramics with 10 wt % ceria
• the effect of fabrication process on the leaching behavior of (Zr, Y, Ce)Ox ceramic
pellets with 25 wt% ceria prepared from powder calcined at 600oC under static
test-conditions
• the effect of ceria content on the leaching behaviour of the pellets under static and
dynamic test-conditions
• the effect of ceria content on the leaching behaviour of the normal pressed pellets
and repressed pellets
• leaching results from (Zr, Y, Ce)Ox ceramic pellets with 20 wt % ceria under dy-
namic test-conditions
• characterization of leached samples after the leaching experiment
The leaching rate of Y and Zr released from (Zr, Y )Ox matrix pellets differed depend-
ing on the fabrication temperature of the powder used. According to the obtained results,
(Zr, Y )Ox matrix pellet made from powder calcined at 600oC had the highest chemical
durability in the UPW .
The leaching behavior of Y , Zr and Ce released from both (Zr, Y, Ce)Ox ceramic
pellets with 5 wt % CeO2 made from powder dried at 110oC and calcined at 600oC
were found to be different. The temperatures of the prepared powders were the only
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factors that influenced leaching behaviour. Some initial properties of the powders related
to the fabrication steps also contributed. In fact, a refractionation step in addition to
the normal fabrication process for ceramic-pellet production in the chemical durability
test was used for increasing physical properties. However, chemical durability of Zr
in the ceramics did not increase using refractionation process and caused incongruent
dissolving of elements in these ceramics. Therefore, according to the results obtained
from both ceramic pellets with 5 wt % CeO2, made from powder dried at 110oC without
refractionation is more favorable according to congruent normalized leaching rate of all
elements released in UPW .
It has been found in ceramic pellets made from powders dried at 110oC that the high
pressure is not suitable for the powder compaction for very fine, refractioned powder with
10 wt % CeO2. Using high pressure for the palletization of the refractioned powder, the
chemical durability of Zr decreased in contrast to the increasing high chemical durability
of Y , Ce in the different ceramic pellets with 10 wt % CeO2. This can lead to the elements
from the pellets dissolving incongruently as phenomena of chemical durability in ceramics
under static conditions.
The results obtained from the investigation into the leaching kinetics of Y , Zr and Ce
from the ceramic pellets with 10 wt % CeO2 and different densities made from powder
calcined at 600oC using various fabrications processes showed that the chemical durability
of ceramics was dependant on the compaction pressures and initial properties of powders.
It has been found that as a result of the compaction techniques in the pellets made
from powder refractioned and calcined at 600oC. In fact, the chemical durability of
Zr decreased one order of magnitude and it dissolved incongruently with Y and Ce in
both pellets with low density made by normal pressing and with high density made by
repressing to refractioned powder compared to the pellet with high density by normal
pressing of refractioned powder. Moreover, it was also found that the effect of initial
properties of powders caused the congruent and incongruent normalized leaching rates
of elements in two pellets with high density made from refractioned powder and without
refractioned powder using normal pressing at the same pressure of 80 kN. The results
do not indicate that the density effect correlated with the leaching rates in these pellets
because the normalized leaching of Zr and Ce in repressed pellet with high density of
0.94 TD made from refractioned powder was high and dissolved incongruently with Y .
Its density was approximately similar to the density of 0.95 TD in the pellet made by
normal pressing of refractioned powder. It can be concluded that one fabrication process,
namely normal pressing of refractioned powder is more favorable since it not only results
in a high density but also increases the chemical durability with the congruent normalized
leaching rate of Y , Zr and Ce in compacted ceria ceramic powder calcined at 600oC.
According to the results obtained from the investigation into the effect of the calcina-
tion temperatures on leaching behaviour of ceramic pellets with 10 wt % CeO2 made from
different powders calcined at 110oC, 600oC and 1, 600oC, the lowest congruent normalized
leaching rate was found in the pellet made from powder calcined at 600oC. The leaching
behavior of Y , Zr and Ce released from all ceramics were not related to ceramic density.
Hence, the pelletization process that was performed using normal pressing on the powder
refractioned and calcined at 600oC , was the most favourable fabrication process for the
ceramics with 10 wt % CeO2 since it promoted long-term chemical durability for immo-
bilization of actinide wastes in this ceramic. According to the results of the investigation
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into the density effect in leaching behaviour of ceramic pellets with 10 wt % CeO2, it was
clear that the leaching behaviour of ceramic pellets was in independent from densities,
which was the only one physical properties that depended on the fabrication processes
and calcination temperatures for the powder used.
According to the results obtained from the investigation into the effect of ceria contents
on the leaching behaviour of ceramic pellets with 10 wt % CeO2 made from different
powders dried and calcined at 110oC, 600oC without using any other modification steps,
such as refractionation or repressing for powder compaction, it can conclude as follows:
Ceria ceramic pellets with different ceria contents of 0 wt % to 25 wt % produced from
powder dried at 110oC and powder calcined at 600oC showed different leaching behaviours
depending on the ceria content of the matrix. The chemical durability of the synthesized
ceramic pellets made from powder dried at 110oC and powder calcined at 600oC was
excellent under static leaching condition in an argon atmosphere in UPW at 90oC. The
normalized leaching rate of samples prepared from powder dried at 110oC was almost
twice as low as that for those samples made from calcined powders at 600oC except the
ceramics pellets with a 25 wt % ceria content. The element in each pellet with different
ceria contents produced from powder dried at 110oC dissolved congruently in ultra pure
water, whereas the elements Y , Zr and Ce containing the ceramics samples prepared
from calcined powders at 600oC dissolved incongruently in water, except for the matrix
and the ceramics with 25 wt % ceria content.
The normalized leaching rate of Y , Zr and Ce in the synthesized-ceramic pellets made
from powder dried at 110oC seemed to be dependent on the ceria content in the matrix.
This was especially true for ceramics with ceria contents of 10 wt %, 15 wt % and 20 wt
%. The normalized leaching rate of Y , Zr and Ce increased with the increasing amount of
ceria content in the matrix in this range. However, the normalized leaching rate of Y , Zr
and Ce released from the ceramics with 25 wt % ceria content did not follow this pattern
although the ceria content of the matrix increase. The normalized leaching rate of Y , Zr
and Ce in the matrix with 5 wt % ceria content made from powder dried at 110oC reached
the maximum value of 10−6molm−2d−1, while its minimum value was 10−7molm−2d−1
in the matrix with 25 wt % of ceria content in ultra-pure water.
The normalized leaching rate of Zr and Ce elements in the synthesized ceramic pellets
with a ceria content between 10 wt % and 20 wt % made from powder calcined at 600oC
seemed to be independent from the ceria content in the matrix. The value of the normal-
ized leaching rate of Zr and Ce did not increase in relation to the ceria content in the
matrix for this range. The normalized leaching rate of Y rapidly increased in the matrix
in UPW when it was incorporated with 5 wt %, 10 wt %, 15 wt % , 20 wt % of tetravalent
ceria. The normalized leaching rate was in the order of magnitude of 10−6molm−2d−1
in ultra pure water under test conditions, whereas the minimum value of the normalized
leaching rate of Zr and Ce from all compositions was 10−7molm−2d−1.
Although the normalized leaching rate of Y was one order of magnitude higher than
the normalized leaching rate of Zr and Ce released in all compositions, the normalized
leaching rate of Y , Zr and Ce released from these different compositions were independent
from the ceria content in the pellets made from powder calcined at 600oC. Furthermore,
instead of an increase in the leaching rate, the normalized leaching rate of Y and Ce from
the ceramics with 25 wt % ceria content made from powder calcined at 600oC showed lower
values than for other compositions and dissolved congruently at the order of magnitude
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of 10−7molm−2d−1 under the same test-conditions. The normalized leaching rate of Zr
in the matrix with 5 wt % ceria content made from powder calcined at 600oC reached
the maximum value 10−6molm−2d−1 , while its minimum value was 10−7molm−2d−1 in
a matrix with 25 wt % ceria content in ultra pure-water. A similar phenomena was noted
for ceria pellets with 5 wt % and 25 % ceria content made from dried powder under static
leaching conditions.
Further through investigations into inter-atomic layer, ion-ion bond energy and cation-
anion distance, cation- cation distance, anion -anion distance, such local atomic structure
by Extended X-ray Absorption Fine Structure (EXAFS) are still needed for the interpre-
tation of leaching behavior of ceramics with 5 wt % and 25 wt % of ceria content prepared
from powder calcined at 110oC and powder calcined at 600oC .
Finally, according to the leaching behavior of Y , Zr and Ce released from the all
(Zr, Y, Ce)Ox ceramic pellets prepared from powder dried at 110oC and powder calcined
at 600oC have either congruent normalized leaching rate depending on the ceria content
in the matrix or incongruent normalized leaching rate independent from the ceria content
in the matrix. They are beneficial for the immobilization of tetravalent actinides wastes
in ceramics for the purposed applications.
According to the results obtained, the normalized leaching rates of Y , Zr and Ce
released from (ZrY Cea)Ox ceramic pellets prepared from powder calcined at 600oC under
dynamic conditions are one order of magnitude higher than the normalized leaching rate
of Y , Zr and Ce under static conditions. All pellets had approximately the same density
(from 0.87 TD-0.92 TD range) with different ceria content of 5 wt % - 25 wt % and all
were compacted under the same pressure of 1019 Mpa. The normalized leaching rate
of 10−6molm−2d−1 for Y , Zr and Ce from ceramic pellets with 25 wt % ceria made
from powder calcined at 600oC under dynamic test-conditions was exactly one order of
magnitude higher than for the elements released under static conditions. Moreover, the
leachability of Ce, released from the pellets prepared from powder calcined at 600oC under
dynamic conditions was more severe than under static conditions. Y , Zr and Ce dissolve
incongruently under static conditions and dissolve congruently under dynamic condition
in UPW .
According to the results obtained from the leaching behaviour of (Zr, Y, Ce)Ox ce-
ramics with 20 wt% ceria content, it was found that the dissolution kinetics of either
congruent or incongruent Y , Zr and Ce in ceramic pellets mainly depend on their indi-
vidual microstructures of the pellets.
The following factors should be taken into account for the leaching kinetics of ceramic
pellets (Zr, Y, Ce)Ox containing ceria which have being used in dynamic conditions:
The distributions of Y , Zr and Ce concentration in wetting angles such as inter -intra
pores, tubes, pockets, diffusional transport of Y , Zr and Ce and interfacial reactions which
can be enhanced by pressures induced along the grain boundaries as diffusion and across
the interfaces as reactions due to the flow rate of water at 100oC in Soxhlet experiment,
precipitation in pores, material dissolving at grain contacts, material loss in localized
dissolution at the strain cap , localized precipitation pressure shadow around the grain of
the microstructure, the correlation between diffusion and grain size and grain boundary,
such as the potential of a solid dissolved in a fluid adjacent to the surface of the solid,
stresses transmittance or transference of grain boundaries to grain and grain-to-grain
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based on either compressive grain boundary or extensional grain boundary influence, the
flux passing through the grain boundary fluid which is proportional to the concentration
gradient along the grain boundary, which is proportional to the potential and inversely
proportional to the grain size (g), flux (F) which has to go through an area proportional
to the cross-sectional area of the grain boundary is directly proportional to the grain size
and the correlation of reaction on grain size and grain boundary
Further detailed investigations are needed for interpretation of the leaching kinetics
of ceramic pellets with 20 wt% ceria content because leachability of the ceramics with a
geometry of the pore surface at deeper levels depends on the balance between grain-grain
boundary surface energy and grain-fluid boundary surface energy (wetting angle).
4.9 Conclusions on ceria ceramics
The chemical durability of yttria-stabilized cubic zirconia ceramics incorporated with
different ceria contents in the current experimental set-up conditions is comparable to the
chemical durability of its other zirconia-bearing waste forms, such (CaZrO3) perovskite
phase forms, NaZr2(PO3)4 dizirconium tris phosphates (NZP), based on the normalized
leaching rate of (Zr). It was found that chemical durability of zirconia (Zr) from the
cubic-fluorite phase fixed with tetravalent-simulant wastes was lower than the chemical
durability of either single zirconate pyrochlore or the binary system of zirconate pyrochlore
combined together with zirconia-ceria in the same leaching media. On the other hand,
the leachability of simulant wastes was close to other research papers. Moreover, it was
found that zirconia had a higher chemical durability than zircon, ziconolite and titanate
pyrochlore in the ceria ceramics based on the yttria stabilized zirconia in the present
study.
Although the chemical durability of cubic zirconia is not higher than the durability
of thorianite or uranite, the resulting congruent normalized leaching rate of all elements
could answer the accuracy of durability based on waste loading for the immobilization of
tetravalent-actinide wastes in ceramics for long-term disposal. Moreover, the normalized
leaching rate of ceria ceramics varies according to the fabrication processes used. This
research is therefore beneficial for the prediction on plutonium immobilization and how its
leaching kinetics will react on the related fabrication processes. The chemical durability
of ceria ceramics is acceptable for the immobilization of actinides in comparison with
other compounds. The degradation of cubic zirconia due to the incorporation of water
molecules into the zirconia lattice may not be possible in salt-dom. The mobility and
stability of hydroxyl group in zirconia with possible reactions < 400oC is of great interest
for future research work on disposal.
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Table 18. Chemical durability of different ceramic waste forms
Ceramic compounds T(oC) Test Normalized leaching Ref.
conditions rate gm−2d−1
La2Zr2O7 +Nd2Zr2O7 90
oC UPW 10−4 − 10−5 ( La) [157]
pH = 5.6 10−5 − 10−6 (Nd)
10−7 − 10−8 (Zr)
La2Zr2O7 +Nd2Zr2O7 90
oC HCL 10−4 (La, Nd) [157]
pH = 1
La2Zr2O7 + (2CeO2 · 2ZrO2) 90oC UPW 10−4 − 10−5 (La) [157]
pH = 5.6 10−6 − 10−7 (Ce)
10−7 − 10−8 (Zr)
La2Zr2O7 + (2CeO2 · 2ZrO2) 90oC HCL 10−4 (La , Ce) [157]
pH = 1
La2Zr2O7 90
oC UPW 10−3 − 10−4 (Sr) [157]
+ pH = 5.6 10−5 − 10−7 (La)
2(CeO2 · SrO · 2ZrO2) 10−6 − 10−7 (Ce)
10−7 − 10−8 (Zr)
La2Zr2O7 90
oC HCL 10−4 (La , Ce) [157]
+ pH = 1 10−4 (Sr)
2(CeO2 · SrO · 2ZrO2)
La2Zr2O7 90
oC, static < 10−4 (Ce, Nd, Sr) [21]
150oC UPW < 10−6 (Zr)
La2Zr2O7 90
oC static 10−5 (Ce, Nd, Sr) [21]
pH = 10 alkaline
La2Zr2O7 90
oC static 10−5 (Zr) [21]
acid 10−4 (La)
La2Zr2O7 150
oC static 10−4 (Ce, Nd) [21]
acid 10−4 − 10−5 (La)
10−2 − 10−5 (Sr)
10−5 − 10−7 (Zr)
La2Zr2O7 90
oC static 10−6 − 10−7 (Zr) [21]
UPW 10−6 (La)
La2Zr2O7 90
oC static 10−4 − 10−5 (Nd, Sr) [21]
UPW
C − ZrO2 90oC static 10−4 (Ce, Nd, Sr) [21]
(Y2O3 10 mol %) UPW
C − ZrO2 90oC static 10−5 (Y, Zr) [21]
(Y2O3 10 mol %) acid
C-ZrO2 90oC static 10−3 (Ce, Nd) [21]
(Y2O3 10 mol %) acid 10−4 (Sr)
C-ZrO2 90oC static 10−6 (Y,Zr) [21]
(Y2O3 10 mol %) UPW
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Ceramic compounds T(oC) Test Normalized leaching Ref.
conditions rate gm−2d−1
C-ZrO2 90oC static 10−6 (Y, Zr) Current
(Y2O3 15 wt%) pH =7-8 UPW study
CaZrO3 90oC static 10−2 − 10−3 (Ca) [21]
acid 10−4 (Zr)
CaZrO3 90
oC static 10−1 (Ce) [21]
acid 10−2 (Nd, Sr)
CaZrO3 90
oC static 10−4 − 10−5 (Ca) [21]
UPW 10−6 (Zr)
CaZrO3 90
oC static 10−2 (Sr) [21]
UPW 10−4 (Nd)
(Y ZrCe)Ox 90
oC static 10−5 − 10−6 (Y) Current
(Y2O3 15 wt%) UPW 10−5 − 10−6 (Zr) study
10−4 − 10−5(Ce)
(Y ZrCe)Ox 100
oC dynamics 10−5 (Y, Zr Ce) Current
(Y2O3 15 wt%) pH = 5.6 UPW study
Soxhlets
(Y ZrNda)Ox 90
oC static 10−6 − 10−7 (Y) Current
(Y2O3 15 wt % ) pH =7-8 UPW 10−5 (Zr) study
10−4 − 10−5 (Nd)
(Y ZrNda)Ox 90
oC static 10−7 (Y) Current
(Y2O3 15 wt%) pH =7.6-7 MTW under detection (Zr) study
10−7 − 10−8 (Nd)
(Y ZrNda)Ox 90
oC static Reaction Current
(Y2O3 15 wt %) pH =8.7-9.5 Granettic precipitation study
water
(Zr, Nd)
Nd2xYxZr2O7+(Y ZrNda)Ox 90oC static 10−6 − 10−7 (Y) Current
(Y2O3 15 wt %) pH =7-8 UPW 10−5 (Zr) study
10−5 (Nd)
Nd2xYxZr2O7+(Y ZrNda)Ox 90oC static 10−7 (Y) Current
(Y2O3 15 wt %) pH =7.6-7 MTW 10−5 (Zr) study
10−7 − 10−8 (Nd)
Nd2xYxZr2O7+(Y ZrNda)Ox 90oC static Reaction Current
(Y2O3 15 wt %) pH =8.7-9.5 Granettic precipitation study
water (Zr, Nd)
Nd2xYxZr2O7+Nd2O3 90oC static 10−5 (Y) Current
(Y2O3 15 wt %) pH =7-8 UPW 10−5 (Zr) study
10−3 (Nd)
Nd2xYxZr2O7+Nd2O3 90oC static 10−6 (Y) Current
(Y2O3 15 wt %) pH=7.6-7 MTW under detection (Zr) study
10−4 (Nd)
Nd2−xYxZr2O7+Nd2O3 90oC static Reaction Current
(Y2O3 15 wt %) pH=8.7-9.5 Granettic precipitation study
water (Zr, Nd)
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Ceramic compounds T(oC) Test Normalized leaching Ref.
conditions rate gm−2d−1
Zirconia 150oC static 10−6 − 10−5 [40]
UPW
NaZr2PO4 (NZP) 100oC Soxhlets 10−6 − 10−5 (Ln, Zr)
[32]
ZrSiO4 10
−4 (Zr) [?]
(Zircon) 10−2 (Si)
UTi2O6 25
oC, < Gd2Ti2O7 [53]
75oC < CaZrT i2O7
pH=8
Gd2Ti2O7 75
oC 10−5 (U) [53]
pH = 8
Gd2Ti2O7 90
oC Pu release [53]
pH = 8 = CaZrT i2O7
Gd2Ti2O7 25
oC, > CaZrT i2O7 [53]
75oC slightly
pH =2-12
CaZrT i2O7 75
oC 10−5 ( U) [53]
pH =8
CaZrT i2O7 acid < Gd2Ti2O7 [53]
Zirconolite ceramics 90oC Powder 10−7 − 10−5 (Ca) [52]
(CaZrxTi3−xO7) MCC3
A2Ti2O7 0.1M NaCl WIPP 10−6 ( Pu) [140]
(A=Ce, Er, Pu)
Pu doped 70oC (SPFT) 10−4 ( U , Gd, Ti) [142]
pyrochlore pH = 5.6 apparatus 10−1 (Ca)
10−6 − 10−5 (Hf, Pu)
A2Ti2O7 90
oC (SPFT) 10−4 − 10−5 ( Lu,Gd,Ti) [142]
(A=Lu, Gd) pH = 2− 12 apparatus
A2Ti2O7 90
oC MCC1 10−6 − 10−5 (Pu) [34]
pH = 5.6 UPW
A2Ti2O7 90
oC MCC1 10−2 − 10−4 (U) [34]
S/V = 103m−1
Gd2(Ti0.25Zr0.75)2O7 90
oC (SPFT) 10−4 [22]
pH = 2 apparatus
Gd2Ti2O7 annealed 10−3 [22]
Gd2Ti2O7 unannealed 10−2 [22]
Gd2Ti2O7 ion 10−1 [22]
bombarded
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Ceramic compounds T(oC) Test Normalized leaching Ref.
conditions rate gm−2d−1
Brannerite (UTi2O6) 75oC 10−5 − 10−4 (U) [53]
pH = 8 10− 30
85 % CaUTi2O7 90oC UPW 10−3 (Ca) [139]
10−6 (Ti)
10−7 (Nd, U)
Ca(Gd, Pu,Hf, U)Ti2O7 25
oC, MCC1 lower level of Am [37]
90oC release
Zircon(ZrSiO4)/ 25oC, MCC1 higher level of Am [37]
Zirconia(ZrO2) 90oC release
(Ca,Gd, U, Ce,Hf)2Ti2O7 25− 75oC 10−6 − 10−5 (U) [53]
Ca,Gd(U,Ce,Hf,Gd)2Ti2O7 6 ≤ pH ≤ 8
90oC 10−6 − 10−5 (U) [54]
90oC 10−6 − 10−5 (Pu)
pH = 7 [55]
SYNROC 90oC static 10−5 − 10−4 (Tc, An) [37]
Thorianite (ThO2) 25oC UPW 10−10 [58]
(Ln, An) pH = 7
Uraninite (UO2) 25oC, ox. 1− 10−4 [44]
25oC, red. 10−8 − 10−7
Fluorapatite 25oC 10−2 [45]
(Ln,An) pH = 4
Monazite (LnPO4) 95oC Soxhlets 10−4 (Ln, An) [46]
10−2 (bulk)
Th4(PO4)4P2O7 (TPD) 90oC pH=7 UPW 10−6 (Cm, Am) [47]
1 ≤ pH ≤ 4
10 ≤ pH ≤ 13 10−6 − 10−5 (Cm, Am)
Th3.6Pu0.4(PO4)4P2O7 pH = 1− 6 Acidic 10−6 − 10−5 (Am) [48]
(TPPD) HDPE media 10−7 − 10−6 (Sr)
A3LnP3O12 10
−7 − 10−6 (Nd, Pr, La) [157]
10−4 (P, Sr)
Sphene (Ln, An) 90oC static 10−3 − 10−1 (bulk) [49]
UPW
Perovskite 100oC 10−1 (Ca) [50]
(Cs, Sr, Ln, An) 10−2
Alumina (Al2O3) 250oC static 10−9 − 10−8 [43]
Nepheline (NaAlSiO4) 25oC UPW 0.5 (Cs-bulk) [48]
pH = 7
Aluminosilics 90oC static 10−6 − 10−5 (bulk) [42]
oxy-nitride glass pH = 5.5 UPW
Hollandite (BaAl2Ti6O16) 190oC 0.6-2.5 Cs (bulk) [51]
9 ≤ pH ≤ 1
Sphene glass 100oC Brine 10−4 (bulk) [56]
CaSiT iO5 (Cs, Sr, Ln, An)
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Ceramic compounds T(oC) Test Normalized leaching Ref.
conditions rate gm−2d−1
Hollandite glass 90oC 10−3 − 10−2 (Cs) [51]
9 ≤ pH ≤ 11
Zirconolite glass 90oC UPW 10−7 − 10−5 (Ce) [57]
MCC3 10−5
Alkaliborosilicate glass 90oC static 10−3 (Cs, Sr, Ln, An) [39]
MCC3 metals-bulk
Phosphate glass 90oC Static, 10−4 − 10−3 (Pb, Fe, P) [41]
0.1cm−1
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5 Experimental Results for yttria-stabilized zirconia ma-
trix with neodymia
5.1 Synthesis of neodymia ceramic powder
The synthesis of neodymia ceramics is performed using the same procedures used for the
powder synthesis of ceria ceramics presented in the previous chapter.
5.1.1 Drying and calcination
After synthesis the precipitated powder is dried at 110oC for one day. This is done to
purify the powder by eliminating all impurities and any humidity still contained in it. At
this stage, the powder becomes a pasty and the formation of agglomerates begins. This
consists of primary particles weakly bonded by Van Der Walls forces, as shown in Figure
64.
  
a b
Figure 64: a.Morphology of (Zr, Y,Nd)Ox powder dried at 110oC before milling in ace-
tone,b.Morphology of (Zr, Y,Nd)Ox powder calcined at 600oC before milling in acetone
After it is dried in oven at 110oC for one day, the powder in an oven at is then calcined
in an oven at 600oC for 2 hours to remove crystal water contained in the drying powder.
5.1.2 Grinding and the chemical effect during grinding
The fabrication of a fine, dense nanoceramic with a good microstructure for chemical
durability is dependant on the size and configuration of the particles, as well as on the
grinding procedure. The grinding is itself influenced by the method, the time and the
solvent media used in the mild attrition. Both synthesized powders, dried at 110oC and
calcined at 600oC, were milled in propanol and acetone. Propanol can give rise to a higher
density after compaction than the attrition with acetone, as illustrated by the graph in
Figure 65.
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Figure 65: The influence of grinding by attrition in acetone and propanol on the density
of neodymia ceramics
5.2 Characterization of the synthesized powder
5.2.1 Single phase powders
The particle size and morphology of the powder with 10 wt% neodymia calcined at 600oC
and milled in acetone was investigated using the granulometry method.
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Figure 66: a. SEM picture of (Zr, Y,Nd)Ox powder calcined at 600oC after milling
in acetone, b. Agglomerates size distribution of (Zr, Y,Nd)Ox powder calcined at 600oC
after milling in acetone
The direct granulometry measurements showed that the agglomerate size distributions
of histogram value (q3) and cumulative value (Q3) followed the Gaussian distribution in
a logarithmic scale. It was found that 90 % of the particles in the powder had a diameter
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less than 214µm, 50 % of the particles had a diameter less than 63µm and 10 % of
particles had diameter less than 6µm. The number of particles in the size distribution all
cumulative value (Q3) and the morphology of the powder are shown in Figure 66 a and
b.
The thermal behavior, mass loss and phase formation of powders with neodymia con-
tent from 0 to 50 wt % were investigated using thermo-gravimetry (TG) and differential
scanning calorimetry (DSC) with Netzsch STA 449 Jupiter. The weight loss in ceramics
at different temperatures (from 25oC to 1300oC) was determined by TG. Exothermic
and Endothermic reactions were measured with DSC. DSC measurements can help to
determine the best calcination temperature.
After drying at 110oC in air for 24 hours, the material underwent an amorphous
phase. The TG curves in Figure 67 show a significant mass loss 14.3 wt % between
to 600oC in powders with 10 and 20 wt % Nd2O3 respectively, which corresponds to
the transformation from the amorphous to the crystalline phase. The elimination of
adsorbed gases and crystal water from the material can also be seen. Further mass loss
during heating to between 600oC and 900oC was negligible. This was connected with the
elimination of residual OH groups from both powders. Heating to temperatures higher
than 1000oC did not lead to any additional mass loss.
Two endothermic effects occurred at 107.5oC and 214.1oC, while several exothermic
effects were noted at 346.6oC, 399oC, 511.7oC, 612.8oC and 856oC in the ceramic matrix
incorporated with 10-20 wt % neodymia. These exothermic effects reflect the phase
transitions in the matrix with a neodymia content ranging from 10 wt % to 20 wt %.
After the elimination of adsorbed gases, the removal of crystal water from the material
occurs as an endothermic effect at 107.5oC and 214.1oC. The neodymium existed in
an amorphous phase until a temperature 430oC was reached, while the yttria-stabilized
zirconia matrix phase reaction occurred due to exothermic effects in the temperature
range 346.6oC to 399oC. The transformation of ceramic powders from the amorphous
to the crystalline phase of ceramic powders began at 511.7oC in (Zr, Y,Nd)Ox powder
with 10 wt % neodymia content and at 612.8oC with 20 wt % neodymia content. This
could be examined spectra of phase formation with temperature gradient by XRD. More
crystallization occurred beyond those temperatures for fluorite-type powders. Again, a
metastable solid solution phase appeared at a temperature of 856oC. A perfect cubic
fluorite solid solution phase was formed in the temperature range of 1300oC to 1600oC.
DSC, XRD, SEM/EDX measurements can be used for both powders.
After the investigation into the incorporation of low Nd2O3 content (10-20 wt%)
in the yttria-stabilized zirconia matrix (Y, Zr)Ox in a cubic-fluorite-type crystal struc-
ture, a (Y, Zr)Ox matrix with high Nd2O3 content (48.3 wt%) was characterized. When
neodymia 48.3 wt % as simulant waste was incorporated into the same yttria-stabilized
zirconia matrix (Y, Zr)Ox, the powder formed the pyrochlore phase (Nd2−xYxZr2O7) due
to its new chemical composition.
The phase transition with temperature was investigated using DSC in Figure 68 and
the spectra from XRD in Figure 77. It appeared that adsorbed gases and removal of
crystal water formation were eliminated from the material by two similar endothermic
effects at 107.5oC and 214.1oC as was observed of fluorite powders and the amorphization
transition temperature of a pyrochlore structure.
However, the incorporated high amount of neodymia content situated evidently as a
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Figure 67: Mass loss and phase transitions of ceramic powders containing 10 and 20 wt
% of neodymia
very high exothermic peak at 337.1oC. This first transition step of neodymia amorphous
phase is still having the crystal water. It reduces all its crystal water at temperature
388.8oC and 440.1oC being attached together with its yttria-stabilized zirconia matrix in
the pyrochlore powder.
The phase transition of yttria-stabilized zirconate pyrochlore powder can also be seen
by the three different exothermic peaks at 337.1oC, 388.8oC and 440.1oC. The amorphiza-
tion temperature was reached without exothermic effects between 346.6oC and 399oC in
the phase formation of (Zr, Y,Nd)Ox fluorite powder with 10 wt % Nd2O3. It was re-
lated to the mechanism of slow neodymia chemical bonding with zirconia and yttria in
the pyrochlore structure (A2B2O7) for each temperature profile according to following
equation.
Nd2O3−xH2O
−−−−−→
200−300oCNd2O3−6H2O
−−−−−→
310−440oC2Nd(OH)3
−−−−−→
450−550oC2NdOOH
−−−−−→
760−880oCNd2O3
(49)
The mass loss M/M0 of the powder in the temperature range 400−700oC was 15.42
wt % after the elimination of adsorbed gases, water and OH group from the materials. The
amorphization temperature then appeared at a temperature of 790.1oC in the pyrochlore
powder, according to the XRD-spectra.
Although there was no distinct additional mass loss beyond the amorphization temper-
ature of 790.1oC, the crystallization temperature was not clearly in the phase transition
of pyrochlore powder with in the temperature profile illustrated in the DSC graph. The
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crystallization temperature was estimated to be 1, 180oC. A small additional mass loss
of 0.61 wt % was seen in the TG curve for pyrochlore powder. However, the solid solu-
tion of pyrochlore structure did not form before 1, 600oC was reached as proven by XRD
spectra. The phase formation and perfect crystallinity of pyrochlore powder in relation
to temperature still need to be investigated.
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Figure 68: Mass loss and phase transitions of (Zr, Y )Ox powder with 10 wt % Nd2O3 of
fluorite phase and pyrochlore powder with 48.3 wt % Nd2O3
5.2.2 Double phase powders
Three different ceramics were synthesized for the investigation of (Zr, Y )Ox ceramics with
a loading of Nd2O3 between 25 and 40 wt%. Although the characterization of (Zr, Y )Ox
with 25-40 wt% Nd2O3 powders by TG/DSC appear complicated, as shown in Figure 69,
the combination of the phase transition of two phases in powders with a fluorite compo-
sition, e.g. (Zr, Y )Ox with 10 wt% Nd2O3 and pyrochlore composition Nd2−xYxZr2O7
with 48.3 wt % Nd2O3, depending on the temperature can help understand:
• characterization of the fluorite-rich phase mixed together with smaller amounts of
the pyrochlore phase in (Zr0.67Y0.13Nd0.20)O1.83 powder with 25 wt% Nd2O3
• characterization of the fluorite phase mixed together with equal amounts of the
pyrochlore phase in (Zr0.64Y0.12Nd0.24)O1.82 powder with 30 wt% Nd2O3
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• characterization of the pyrochlore-rich phase mixed together with small amounts of
the fluorite phase in (Zr0.57Y0.11Nd0.24)O1.78 powder with 40 wt% Nd2O3
In fact, the yttria-stabilized zirconia matrix can incorporate at maximum amount of
neodymia (20 wt %) to form fluorite structure in the ceramic powder or pellets. An
excess amount of neodymia above this limitation can lead to the formation of further
new phases or partially new phase formations combined with cubic fluorite structures.
Chemical features such as the combination of fluorite-pyrochlore mixtures were found
during the characterization of powders with neodymia contents of 25-40 wt % depending
on the temperature in DSC (Figure 69) and XRD spectra (Figures 75 and 76).
The same phase transition processes were noted when adsorbed gases were elimi-
nated around 300oC in powders with neodymia contents of 25 and 30 wt % before the
amorphization temperature was reached. At temperatures of 399oC, representing the
amorphous phase formations for fluorite compositions parts of both powders, the crys-
tallization temperature 511.7oC and the metastable phase temperature of 856.4oC are
situated in both powders as usual results for the fluorite parts. There was similar phase
transition behaviour in relation to the temperature for both (Zr0.77Y0.15Nd0.08)O1.89 and
(Zr0.71Y0.13Nd0.16)O1.85 fluorite powders with 10 - 20 wt % Nd2O3.
The exothermic peaks at 440oC in both powders represented, one part of the transition
of slow neodymia chemical bonding with zirconia and yttria as Nd2−xYxZr2O7 pyrochlore
phase. In addition, the amorphization temperatures of the pyrochlore part of powders
with 25 and 30 wt % neodymia were 761.8oC and 695.5oC, as shown in Figure 69.
The significant mass loss of powders at a temperature of 515oC approximately was
14.94 wt % and 17.13 wt % before the phase formation of the crystallization temperatures
of the fluorite phase and the amorphization temperatures of the pyrochlore phase have
occurred in the powders with 25 and 30 wt % neodymia contents. There was no additional
distinct mass loss before or after the metastable fluorite phase occurred in either powder.
The characterization of the the pyrochlore-rich phase mixed with a small amount of
fluorite phase transitions was observed for (Zr0.57Y0.11Nd0.33)O1.78 powder with 40 wt
% neodymia content. Only the amorphization transition of the pyrochlore part of the
powder at 440oC, after the elimination of adsorbed gases and water, and the crystallization
temperature of the fluorite part of the powder at 788.8oC approximately appeared in
measurements with both air (oxidation atmosphere) and nitrogen (reduction atmosphere).
The phase transition of the pyrochlore part of the powder was predominant in relation
to the fluorite part of powder because the composition of the powder with 40 wt %
neodymia became almost identical to the Nd2−xYxZr2O7 pyrochlore composition in the
matrix with a neodymia content of 48.3 wt %. The mass loss of the powder at 675oC
after the hydroxide groups were removed from materials and before the crystallization of
the fluorite phase formed was 14.62 wt %. An additional mass loss of 1.67 wt % occurred
before amorphization of the pyrochlore phase formed at 775oC. Further weight reduction
of 0.7 wt % occurred after OH groups were removed from chemical bonds in the materials
after the amorphization of pyrochlore. This additional mass loss can occur even before the
crystallization temperature range has been reached in the powder (Zr0.57Y0.11Nd0.33)O1.78
with a neodymia content of 40 wt %, as shown in Figure 69. Further investigations are
needed to clarify the crystallization temperature of the pyrochlore powders and the perfect
crystallinity of pyrochlore powders with temperature and time of sintering.
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Figure 69: Phase transitions of fluorites and pyrochlore in (Zr0.67Y0.13Nd0.20)O1.83 powder,
(Zr0.64Y0.12Nd0.24)O1.82 powder and (Zr0.57Y0.11Nd0.33)O1.78 powder in relation to temper-
ature by TG/DSC
Moreover, features of phase formation with the temperature were sometimes observed
during different characterizations even in the same temperature range in the same pow-
der with 30 wt % neodymia content in Figure 70. The occurrence of the phase depended
on the homogeneity of the chosen part of the powder sample, as can be seen from the
(Zr0.64Y0.12Nd0.24)O1.82 powder content with 30 wt % neodymia. Measured result from
Nd poor region of powder with neodymia 30 wt % there sharply appear a metastable
phase at 856oC which is resulting for the cubic fluorite formation of neodymia containing
ceramics. Measured result from Nd rich region of powder with 30 wt % neodymia con-
tent at 337.1oC distinctly showed up overlapping in amorphous characterization as pure
pyrochlore composition Nd2−xYxZr2O7 with neodymia 48.3 wt % in content.
On the other hand, the same crystallization temperature of 511.7oC formed a fluorite
phase and an amorphous stage of pyrochlore phase at 706oC in both neodymia-rich and
neodymia- poor parts of this powder.
In addition, phase formations of the powder were identified by measuring TG/DSC
(Zr0.57Y0.11Nd0.33)O1.78 powder with a neodymia content of 40 wt % in air and nitrogen
atmospheres. It was found that phase formation of pyrochlore-rich powder was not de-
pended on the specific chosen atmosphere of the experiment in Netzsch STA 449 Jupiter
in Figure 71.
The characterization of powder with 50 wt % neodymia (Zr0.47Y0.09Nd0.44)O1.74 is dif-
ficult because the powder consisted of a pyrochlore part combined with pure neodymium
oxide. For the powder with 50 wt % neodymia content, three continuous exothermic
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Figure 70: Different features of the phase formation of ceramic powder with 30 wt %
Nd2O3 in relation to temperatures by TG/DSC
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Figure 71: DSC graph for phase formation of ceramic powder with 40 wt% neodymia
content in different atmospheres
peaks in the temperature range 337.6 − 440.1oC were found for the amorphization tran-
sition temperatures and the amorphous formation temperature was 778.5oC. These were
identical processes to the transition of the pure pyrochlore powder Nd2−xYxZr2O7 with
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the temperature profiles, as shown in Figure 72.
At the same time, four additional exothermic peaks, which resulted in the transition
temperature of pure neodymia oxide were also observed in this powder. In fact, the excess
of neodymium oxide (more than 48.3 wt %) could not be incorporated as a pyrochlore
phase in the yttria-stabilized zirconia matrix. This small excess amount of neodymia was
left by itself and also transformed with the temperature. Theoretically, the heating of the
Nd2O3-xH2O system gradually transits with temperature as follows [167]:
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Figure 72: DSC for phase formation of powder with 50 wt % neodymia content depending
on the temperatures compared with the phase formation of pyrochlore powder
Nd2O3−xH2O
−−−−−→
200−300oCNd2O3−6H2O
−−−−−→
310−440oC2Nd(OH)3
−−−−−→
450−550oC2NdOOH
−−−−−→
760−880oCNd2O3
(50)
The powder still contained water after the elimination of gas impurities at a heating
temperature of 200oC. The removal of crystal water at 269oC is an exothermic effect.
The Nd(OH)3 transformation generates peaks in the temperature range 337.6−372.5oC.
The gradual elimination of OH groups forms an endothermic effect at 431.1oC and as
NdOOH, an exothermic peak at 549.2oC, Nd2O3(C) with an exothermic peak at 694.8oC
and Nd2O3(B) with an exothermic peak at 854oC. Additional stable mass was not been
reached below 1, 000oC in the powder with 50 wt % neodymia content.
5.2.3 Characterization of powder by BET
The specific surface area of the powder is measured by BET (Brunauer-Emmet-Teller)
with Quantasorb sorption system. The mass specific area is determined using the following
expression:
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Stm = [(1− P/Po) · (A/Ac) · Vc · (Na · Acs · Pa/RT )]/M (51)
where,
Stm- Mass specific surface area (m2/g)
P - Partial pressure of adsorbate (atm)
Po - Saturated pressure of adsorbate(atm)
Pa - Ambient pressure(atm)
A - Signal area ( Integrator count from desorption signal)
Ac - Area of calibration (Integrator count from signal)
N - Avogadros No(6.023× 1023)
Acs - Cross-sectional area of adsobate molecule in square meters for N2, 16.2× 10−20m2)
Vc - Volume of calibration (cm3)
R - Gas constant( 82.1cm3 atm/K.mol)
T - Temperature of calibration volume (K) or ambient temperature
M - weight of test (g)
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Figure 73: Surface area of yttria-stabilized zirconia matrix with different neodymia content
by BET
The surface area of the ceramic powder with 10 wt % neodymia content, calcined at
600oC after milling by attrition in acetone was 16 m2/g and the surface area of the ce-
ramic powder with 30-40 wt % neodymia content was approximately 1m2/g. It was found
that the surface area of ceramics containing neodymia decreased in relation to an increase
in neodymia content in the yttria-stabilized zirconia matrix, as presented in Figure 73.
Moreover, the crystalline size of neodymia ceramics is approximately equal in its fluorite
phase and pyrochlore phase, in addition to its fluorite phase formation. The assessment
for the crystalline size of the powder was also performed using the following formula from
BET measurement:
Stm = 6/(ρL) (52)
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where,
ρ=density
L = crystalline size
The crystalline size was in the region of 60 nm to 1 µm in the neodymia ceramic
powders with 10 wt % and 40 wt % neodymia content, and was inversely proportional to
the surface area and relative density of each. On the other hand, the crystalline size of
neodymia containing ceramics seemed to increase with an increased neodymia content in
both cases according to the assessment of powders by BET and for the pellets assessment
by XRD.
5.2.4 Characterization of powders (Zr, Y,Nda)Ox by XRD
The powders with Nd2O3 content from 10 wt % to 100 wt % after drying at 110oC were
sintered at 1, 600oC before XRD analysis. The crystalline size "L", phase formation, the
lattice parameter "a" of a certain structure and the micro-deformation "<ε20 >1/2" in the
compacted crystalline solid material were assessed by X-ray powder diffraction (XRD).
Structures formation and solubility of Nd2O3 in cubic zirconia matrix
The phase formation in the powder depended on the calcination temperatures. The
X-ray powder diffraction results for powder with 10 wt % neodymia content showed that
powder remained in an amorphous phase until it was dried at temperatures of 350 −
430oC. The crystalline phase formed in the temperature range 430oC and 600oC and the
formation of crystalinity increased between the temperatures 600oC and 800oC. Finally,
the cubic fluorite solid solution existed after sintering at 1, 300 − 1, 600oC, as seen in
Figure 74.
After the investigation into the cubic fluorite phase formation of a powder with 10
wt % neodymia, the solubility limit of trivalent actinides in a synthesized matrix was
determined using powders sintered at 1, 600oC with different neodymia contents in the
yttria-stabilized zirconia matrix.
XRD patterns for all sintered powders with different neodymia contents in the ma-
trix are represented in Figure 75. All XRD spectra show that powders with a neodymia
content up to 40 wt % Nd2O3 had cubic structures. The cubic symmetry for powders
with 10-20 wt % Nd2O3 content were of face-centered cubic fluorite type. Caused by an
increase in neodymia content, a continuous systematic shift of the diffraction peaks moved
increasingly to a smaller 2 Theta value from 10 wt % concentrations up to 80 wt %. A
new phase formation appeared together with the cubic fluorite phase by incorporation
of neodymia 40 wt % into the matrix. In fact, by incorporating additional amounts of
neodymia greater than 40 wt % into the YSZ matrix, additional 2 Theta values at ∼ 16 ◦A
and 36-38◦A (from XRD patterns) lead one to believe that the segregation or other phase
develops in synthesized material. These additional formations in concentrations beyond
20 wt % were difficult to reveal because 2 Theta values from distinct XRD patterns at ∼
16 ◦A and 36-38◦A did not appear in all of the data measured. It is depending on minor
phase structure formation appearing as inclusions in the matrix (which is presented in
the Figure 88 of SEM). On the other hand, the same XRD patterns were noted for
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Figure 74: Phase formation of (Zr, Y,Nd)Ox powder with neodymia content 10 wt % at
different temperature ranges
face-centered cubic fluorite type (space group Fm3m) and cubic fluorite type pyrochlore
structures (space group Fd3m), in Figure 75.
Synthesized powder of the composition Nd2−xYxZr2O7 with a neodymia content of
48.3 wt % sintered at 1, 600oC formed pure single pyrochlore structures and showed clear
peaks at ∼16 ◦A and 36-38 ◦A in the measured spectra. Neodymia oxide was soluble as
a face-centered cubic fluorite phase, as well as a cubic pyrochlore phase in the zirconia-
matrix with the same yttria stabilizer at 15 wt %. The phase formation of pyrochlore
powder with temperature was presented in detail in Figure 77. Beyond the limit of face-
centered cubic fluorite structure formation at 20 wt %, excess neodymia (25 to 40 wt %)
can develop as mixtures in the matrix in two ways: either as a rich fluorite phase with
few pyrochlore phase regions or a pyrochlore rich phase with few fluorite regions before
the pure pyrochlore composition is formed.
Peaks at ∼ 16 ◦A and 36-38 ◦A were neither for 25 wt % nor 35 wt % found in obtained
spectra recorded at XRD facility of (FZJ) in Figure 75, whereas small amounts of minor
phase formation in powder with 25 wt % Nd2O3 are obtained from measurement made
by at synchrotron radiation facility as shown in the Figure 76.
This result obtained from synchrotron radiation facility was correlated with obtained
results obtained from SEM/EDX which showed minor phase formation as small inclu-
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Figure 75: XRD pattern of (Zr, Y,Nd)Ox powder with different neodymia contents after
sintering at 1, 600oC
sions in the final product, produced from powder with 25 wt % neodymia content, as
shown in Figure 88.
More than the solubility limit of the pyrochlore phase, with neodymia content of 48.3
wt %, in the matrix, meant the ceramic powders with 50 wt %-60 wt % neodymia, did
not exist as a pure pyrochlore phase but as a mixture of two phases. Depending on the
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Figure 76: XRD pattern of (ZrY Nd)Ox powder with 25 wt % content of neodymia after
the sintering at 1600oC measured with Syncrotron
formation of a favorable structure of these mechanical mixtures in the ceramic powders,
the physical, mechanical and chemical properties of the final products can vary. The
pyrochlore phase continued up to 80 wt % neodymia concentration in the matrix in the
present study. The hexagonal phase formation was found at 100 wt % pure neodymia. It
was also partially present in the ceramic powders with neodymia contents of 50 , 60 and
80 wt %, sintered at 1, 600oC.
Phase formation of pyrochlore powder depending on calcination temperature
The phase formation of pyrochlore powder depending on the calcination temperature
is important into understanding the chemical stability in relation to the incorporation of
trivalent simulant elements in the synthesized yttria-stabilized zirconia matrix.
The X-ray spectra in Figure 77 show the phase formation of a pure pyrochlore com-
position of Nd2−xYxZr2O7 with 48.3 wt % neodymia content in relation to temperature.
Although the temperature gradually increased from 340oC to 790oC, according to the
phase transition results in DSC and XRD measurements, the crystallization tempera-
ture of the pyrochlore composition of Nd2−xYxZr2O7 was not found in this temperature
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range. The pyrochlore phase formation was found at a temperature of 1, 600oC. Ad-
ditional investigations are still needed for a clear assessment of the phase formation of
pyrochlore powder and its crystallinity.
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Figure 77: Phase formation of pyrochlore powder with temperatures using XRD
Determination of the lattice parameter of powders
After all powders were dried at 110oC, they were sintered at 1, 600oC and the lattice
parameters were determined. The results for the powders with 0 wt %-100 wt % neodymia
oxide in a matrix of (Zr, Y )Ox are divided into four sections in Figure 78: "A", "B",
"C", "D". These sections are representative of the lattice parameter regions for phase
formations as follows:
• section "A" = cubic fluorite solid solution (Zr, Y,Nd)Ox
• section "B" = mixture of two cubic phase combinations as a cubic fluorite solid
solution (Zr, Y,Nd)Ox and a pure cubic pyrochlore phase (Nd2−xYxZr2O7)
• section "C" = pure cubic pyrochlore phase Nd2−xYxZr2O7 on the line and a me-
chanical mixture of pyrochlore phase (Nd2−xYxZr2O7) with neodymia precipitation
• section "D" = of pure neodymium oxides.
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One half of the lattice parameter of cubic pyrochlore was used to sketch the graph in
Figure 78. The data from the spectra obtained from the measurements was evaluated and
showed that the lattice parameter increases linearly with the neodymia content (CNd2O3)
in section "A" for (Zr, Y,Nd)Ox cubic fluorite solid solution with neodymia concentrations
of 10-20 wt % in the YSZ matrix. The experimental values of the lattice parameter "a" for
the yttria-stabilized zirconia matrix (YSZ) with 10-25 wt % neodymia obey the following
equation:
”a”(nm) = 3.6× 10−3 · CNd2O3 + 5.1424, T = 1600oC (53)
Thus, the calculated lattice parameter of "a" = 5.1424 ◦A (Vegard's Law) from the
measured data was of the same range as the reference lattice parameter "a = 5.141 ◦A"
in the JCPDS file for (Zr, Y )Ox.
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Figure 78: The lattice parameters of (Zr, Y )Ox powders with different neodymia contents
after sintering at 1600oC
Although the lattice parameter of the solid solution phase (Zr, Y,Nd)Ox did not in-
crease with an increasing amount of neodymia in the matrix < 25 wt % neodymia in
section "A", it did keep a fairly constant value (”a” = 5.2299 ◦A ∼ 5.23428 ◦A) in the
mixture together with imperfect pyrochlore in section "B".
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However, the lattice parameter of (Zr, Y,Nd)Ox solid solution increased to half the
value of the lattice parameter of deficient pyrochlore in powder with 40 wt % Nd2O3
concentration, which is close to a perfect composition of pure pyrochlore (A2B2O7) (A =
15 wt % of Y2O3 and 48.3 wt % of Nd2O3) as a result of the combination of two unique
fluorite cells. The lattice parameter of these Nd-deficient pyrochlores from the mixture
in section "B" was also extended with an increasing Nd2O3 content in the matrix and
finally reached the lattice parameter of perfect pyrochlore structure (Nd2−xYxZr2O7) at
48.3 wt % Nd2O3 content in the matrix.
Half the lattice parameter of Nd-deficient pyrochlore, cubic pyrochlore, Zr-deficient
pyrochlore, was taken into account and sketched in the graph for comparison with the
lattice parameter of fluorite structure in sections "B" and "C" (Figure 78). The lattice
parameter of the cubic pyrochlore solid solution phase was shown by a point on the line
at the end of section "B", whose initial value was "a" nm ∼ 10.63 ◦A.
The lattice parameters in section "C" represented the (Nd2−xYxZr2O7) pyrochlore
solid solution phase with Nd2O3 precipitation in the matrix. In section "C", cubic py-
rochlore could probably exist as Zr-deficient pyrochlore due to the increasing amount of
neodymia in the matrix with Nd2O3 contents of 50, 60 and 80 wt %. In fact, the lattice
parameter value of the cubic pyrochlore structure in this section was slightly higher than
the normal value of pure (Nd2−xYxZr2O7). The pure pyrochlore may become a mis- lat-
tice match or have an irregular ionic radius distance of Nd − Nd , Nd − Zr, Zr − Zr
between (Nd2−xYxZr2O7) pure pyrochlore and excess neodymium oxide precipitation in
those compositions. Furthermore, it was found that the lattice parameter "c" = 5.504 ◦A
(Vegard's Law) for neodymium oxide in the current study. This agreed with the reference
lattice parameter "c" =5.539 ◦A of Nd2O3 from the JCPDS file.
5.3 Properties of ceramics containing neodymia
For the investigations into the synthesized powders using different methods, the treated,
dried and calcined (600oC) powders were milled in acetone and uniaxially pressed at room
temperature at a compaction pressure range (20-80 kN) by using an Oelglass-type press
type MP12. After pressing, the diameter, height, mass and green density of the pellets
were measured and assessed using the geometrical method. The diameter of pellets was
approximately 1.087 cm and the mass of pellets was 0.9 g or 0.45 g, depending on the
weight of powder used (1 g or 0.5 g).
5.3.1 Green density and compressibility of ceramics containing neodymia
For all neodymia concentrations, after drying at 110oC and calcination at 600oC, the
powders were grounded by attrition with acetone and compacted into pellets at different
pressures. They were sintered at 1, 600oC for 1 to 6 hours.
Before the sintering stage, the green density of the pellets was increasing linear with
the compaction pressure for both pre-calcination temperatures (110oC and 600oC). Such
behavior was noted for all Nd2O3 concentrations in the neodymia ceramics. The green
density of pellets made from powders dried at 110oC was 0.38-0.52 TD, the maximum
green densities of pellets made from powder calcined at 600oC was 0.51-0.57 TD. The
typical compressibility dependence on the pressure used is shown in Figure 79. It was
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found that the green density of the ceramic pellets with different neodymia content, from
10 to 50 wt %, prepared using both pre-calcination methods for powder dried at 110oC and
at 600oC in the pressure range 20-50 kN, was higher than the green density of its initial
matrix. In contrast, the green density of ceria ceramics prepared in both temperatures
with ceria concentrations ranging from 5 to 25 wt % remained almost equal to the green
density of the same matrix.
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Figure 79: Green density and compressibility of ceramic pellets with different Nd2O3
contents prepared by drying powder at 110oC and calcining it at 600oC
5.3.2 Sinterability of yttria-stabilized zirconia matrix with neodymia
Sintering is the most important step during powder processing. It determines the prop-
erties of the final product. The characteristic of the original powders has a profound
influence on the processing ability of the final product. Therefore, before the pellets were
sintered, they were prepared using two different methods, namely drying the powder at
110oC and /or calcining it at 600oC.
A high density in a ceramic is always favorable. High density improves properties such
as mechanical strength and thermal conductivity even at low temperatures. One method
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of achieving a high-density material is to start the sintering process with a high-density
compacted powder.
It has been found that the sintered density and sinterability of the yttria-stabilized
zirconia matrix with neodymia can vary depending on the calcination temperatures for the
initial powders, the milling chemicals used, the optimal pressure parameters for powder
compaction, the content of stimulant Nd2O3 in the matrix and the sintering time and
process used.
Suitable optimal compaction pressures for ceramic powders with 10 and 25 wt %
Nd2O3 lay in the 20-30 kN range. The relative sintered density of those compositions
was about 0.90 TD and 0.85 TD. The sinterability of both compositions decreased with
increasing pressure for powder compaction.
The optimal pressure for pellets with 30 wt % Nd2O3 content lay between 30-40 kN
and their relative density was approximately 0.81 TD. Their sinterability was almost
stable, located in the variable pressure range between 20 kN and 50 kN.
The optimal pressure for 20, 40 and 50 wt % Nd2O3 concentrations was higher (over
50 kN). This occurred because sinterability increases with increasing of high pressure used
for the powder compaction. The maximum relative sintered densities of the different com-
positions are 0.82 TD for pellets with 20 wt % Nd2O3, 0.73 TD for pellets with 40 wt %
Nd2O3 and 0.65 TD for pellets with 50 wt % Nd2O3. The constant sintered density for
the above ceramic pellets was not reached before 50 kN. The maximum relative density of
the best samples was 0.90 TD. This is comparable with the results for pellets made from
powders calcined at 600oC using a higher compaction pressure. The optimal pressure and
relative sintered density for each concentration can be seen in Table 19. The relationship
between sinterability and compaction pressure is presented in Figure 80.
Table 19. Optimal pressure parameters for pellets made from powder dried at 110oC
Nd2O3 content 10 wt % 20 wt % 25 wt % 30 wt % 40 wt % 50 wt %
Optimal pressure 20-30 kN 50 kN 20 kN 30-40 kN >50 kN >50 kN
Relative sintering 0.90 TD 0.82TD 0.85 TD 0.81 TD 0.73 TD 0.65 TD
density
Table 20. Optimal pressure parameters for pellets made from powder calcined at 600oC
Nd2O3 content 10 wt % 20 wt % 25 wt % 30 wt % 40 wt % 50 wt %
Optimal pressure 60-70kN >70kN 60-80 kN 70-80 kN 60kN 70 kN
Relative sintering 0.90 TD 0.90 TD 0.95 TD 0.86 TD 0.82 TD 0.66 TD
density
The sinterability of the pellets made from powder calcined at 600oC increased with
an increasing pressure from 20 kN to 70 kN, as shown in Figure 80. However, there was
no great sinterability difference between the ceramic pellets in the pressure range 60 kN
to 80 kN for different neodymia concentrations, except for pellets with 20 wt % Nd2O3
content. The best densities of pellets corresponded to 92 -95 TD for 10 wt % and 25 wt
% Nd2O3 concentrations, 86-90 TD for 20 wt % Nd2O3 concentration, 82-86 TD for 30
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Figure 80: Sintered density and sinterability of ceramic pellets with Nd2O3 different con-
tent in different temperatures prepared by different pressures
wt % Nd2O3, 78-82 TD for 40 wt % Nd2O3, 62-66 TD for 50 wt % Nd2O3 concentration
after sintering for 6 hours.
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Figure 81: Sintered density and sinterability of ceramic pellets with different Nd2O3 con-
tents prepared by powder dried at 110oC and calcined at 600oC
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It can be concluded from the investigation into optimal pressure parameters for neodymia
ceramics, that the sintered density and the sinterability of the yttria-stabilized zirconia
matrix can be better achieved by using powder calcined at 600oC. The sintering density
of this pellet was higher than sintered density of pellets with different neodymia contents
from powder dried at 110◦C. Moreover, Figure 81 shows that the sinterability of pellets
made from both dried powder and calcined powders decreases with an increasing content
of neodymia in the matrix.
5.3.3 Sintered density and the initial properties of ceramic powder
The development of fine, dense nanoceramics with a good microstructure for high chemical
durability depends on the initial nature of the powder. It was mentioned above that
synthesized powders dried at 110oC and calcined at 600oC that were milled in propanol
can give a higher density after compaction than attrition with acetone. In addition to the
effects of chemical agents used to promote to physical properties of neodymia ceramics,
the nature of the initial ceramic powder for compaction used also plays an important
role and can cause different sintering mechanisms within the same sintering process and
sintering time.
In fact, different attrition processes create powders with different sizes and distribu-
tions, which result in variable sintered densities of the ceramic pellets. For example, dif-
ferent sintering densities in the same synthesized ceramic powder with 30 wt % neodymia
content were obtained using three attrition processes:
• drying at 110oC and milling (M) in acetone
• drying at 110oC and calcination at 600oC and milling in acetone
• drying at 110oC followed by milling in acetone, then calcination at 600oC and finally
milling in acetone again.
In the third process, the sintered density of the pellets did not increase compared to
the sintering density of pellets from the first process. The same sintered density could not
be obtained for the pellets in the second process, although they were calcined at the same
temperature of 600oC. This was due to the crystal water being removed from the powder
which was dried at 110oC, milled in acetone and calcined again in an oven at 600oC.
Thus, the particle or agglomerate size of this powder was smaller than the agglomerate
size of the powder obtained from the second process. Furthermore, the high pressure for
powder compaction used is probably not appropriate for the creation of powder with small
agglomerate sizes. For excess surface energy of the powder compaction in the sintering
stage did not bring successful diffusion of pores and grain growth like in the compaction
prepared by the powder from the second attrition process. The different compressibility
and sinterabilities can be seen in Figure 82. Similar behaviour was found in the powder
compaction for powder with 40 wt % and 50 wt % Nd2O3 prepared by the same attrition
processes.
The repressing method was applied to investigate the influence of surface energy of the
green powder, the homogeneous distribution and the compaction strength in the current
study. Repressing times are promoted to get a higher density, homogeneity, and physical
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Figure 82: Sinterability and compressibility of ceramic pellets with 30 wt % Nd2O3 content
prepared using different attrition processes
properties of the yttria-stabilized zirconia matrix with different neodymia contents made
from powders calcined at 600oC. The relative sintered density of pellets made using the
repressing process ranged from 0.90 TD to 0.94 TD in ceramics with 10 wt % Nd2O3,
from 0.90 TD to 0.92 TD in ceramics with 20 wt % Nd2O3, from 0.79 TD to 0.83 TD in
ceramics with 40 wt % Nd2O3, and from 0.63 TD to 0.67 TD in ceramics with 50 wt %
Nd2O3, as shown in Table 21.
Table 21. The relative sintered density of neodymia ceramics pellets by repressing
process
Nd2O3 content 10 wt % 20 wt % 25 wt % 30 wt % 40 wt % 50 wt %
Relative sintered 0.94 TD 0.92 TD 0.92 TD 0.90 TD 0.83 TD 0.67 TD
density
by repressing
Relative sintered 0.90 TD 0.90 TD 0.95 TD 0.91TD 0.79 TD 0.63 TD
density by
normal pressing
Not only the green density but also the sinterability of the pellets increased with addi-
tional suitable pressures and repressing times. It was observed that increasing compress-
ibility correlates with increasing Nd2O3 content in the pellets and decreasing sinterability
with increasing Nd2O3 concentrations in the ceramic pellets, except for the compositions
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with 25 wt % and 30 wt % neodymia. In 25 wt % neodymia pellets, whose composition
consisted of a fluorite phase together with a small amount of the pyrochlore phase, the
nature of the green compact energy was different from the other compositions, either
pure fluorite powder compactions (with 10 wt % and 20 wt % Nd2O3) or pyrochlore-rich
together with a small fluorite phase in the powder compaction (with 30 wt % and 40 wt
% Nd2O3) and also from pyrochlore with a neodymia precipitation in the powder com-
paction with 50 % Nd2O3. The relative green density achieved and sintered density of
cubic yttria-stabilized zirconia ceramics with a neodymia content by repressing pressure
are shown in Figure 83.a , b. Its behavior in relation to neodymia content illustrated in
Figure 84.
0.5
0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.6
0 10 20 30 40 50 60
Neodymia content ( mass%)
R
e
la
ti
v
e
 g
re
e
n
 d
e
n
s
it
y
 (
T
D
g
) 
60kN
60*60*60 kN
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
0 10 20 30 40 50 60
Neodymia  content (mass%)
R
e
la
ti
v
e
 s
in
te
re
d
 d
e
n
s
it
y
 (
T
D
s
)
60KN
60*60*60 kN
a b
Figure 83: a. Compressibility of pellets with different Nd2O3 content using different
repressing methods b. Sinterability of pellets with different Nd2O3 content using different
repressing methods
The sintering time was modified to diffuse the pores and gain high densification with
good grain growth for the sintering mechanism of synthesized materials for a high chemical
resistance and thermal shock resistance in leaching and other experiments later.
Shock sintering was performed first because short sintering at high temperature can
be beneficial for the production of ultra-fine ceramics and fast-firing can be beneficial for
obtaining dense, fine-grain ceramics if pore drag is the controlling coarsening mechanism
and the activation energy for densification is larger than that for coarsening.
Moreover, a dense, fine-grain microstructure with limited grain growth in the sintered
body can be achieved if grain growth is dominated by the intrinsic grain boundary mobility
at low initial grain sizes. Thus, the sintering time was extended from 1 hour to 6 hours
for these samples. It was found that the sintered density of the pellets with different
neodymia concentrations were higher after being sintered for 6 hours than the sintered
density of those pellets achieved after 1 hour followed thermal shock sintering.
The sintering mechanisms of pellets prepared with powders dried at 110oC and calcined
at 600oC are different due to the width of the shrinkage in X-direction in the pellets
prepared with powders dried at 110oC and in Y-direction in the pellets prepared with
calcined powder at 600oC. They did, however, gain an approximately equal density
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Figure 84: Compressibility and sinterability of cubic zirconia ceramic pellets with different
Nd contents prepared using repressing processes
range after sintering for 6 hours at 1, 600oC for the same weight of powder compacts.
The sinterability of pellets prepared from powders dried at 110oC and calcined at 600oC
increased with an increase in the sintering duration as shown in Figure 85.
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Figure 85: a. Effect of the sintering time on ceramic pellets with Nd2O3 made from
powders dried at 110oC, b. on ceramic pellets made from powders calcined at 600oC
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5.4 Characterization of synthesized pellets before leaching
The size of the grains in polycrystalline solids, such as alloys and ceramics, is responsible
for certain properties. In the case of metals, strength and hardness increase with decreas-
ing grain size. Thus, grain size measurement is important in controlling metal formation.
Moreover, grain size can cause the rate and propagation velocity of cracks in ceramics
under mechanical stress or the thermal shock. Therefore, grain size determination is one
important aspect in assessing a ceramic's performance.
Structural and morphological surface analysis (external and cross-sectional) of the
sample after leaching, by optical microscope or SEM/EDX showed micro-to-macro
changes. The application of scanning electron microscopy combined with energy disper-
sive X-ray analysis (SEM/EDX), gives information on particles morphology, crystalline
phase, and on chemical compositions and elemental concentrations.
Microstructure assessments of sintered synthesized compacted ceramic pellets were
determined in the present study. Grain size and distribution were obtained from the
images of specific samples measured by scanning electron microscopy (SEM), while lattice
parameters, crystalline sizes, and structure phase formations were determined by X-ray
powder diffraction (XRD)and microhardness results are measured.
5.4.1 Preparation steps before the leaching experiment
Some preparation steps must be performed before the leaching experiment. At an early
stage, it is necessary to remove nearly 150 − 200µm depth of each surface of the speci-
men to be measured to see its interior structure. This was done using different abrasive
papers with different micron particle size (120µm, 320µm, 600µm, 1200µm) followed by
lubricant and 1µm diamond paste with a polishing machine.
After polishing, the specimens were washed in distilled water for 5 minutes and in
acetone for 15 minutes with an ultrasonic machine to clean all impurities. They were
then dried at 1, 400oC in an oven for thermal etching. This was very effective in revealing
a clear microstructure, such as distinct grain and grain boundary, in the samples. Finally,
the samples were coated with gold for 5 minutes for the SEM/EDX measurements.
5.4.2 Microstructure assessment of (Zr, Y,Nd)Ox pellets
The investigation using SEM showed that the pellets formed from powder dried at 110oC
containing 10 wt % neodymia had the finest microstructure. The material had a homoge-
neous structure, well-formed grains and boundaries and uniformly distributed pores. The
pores were mainly located at triple-grain boundary junctions. Determination of the mass
concentration of the elements Zr, Y Nd and their displacements on the line through the
pores were measured by EDX (Figure 87 a and b). The homogeneous distribution of
elements (Zr, Y and Nd) was found.
The concentration of Zr, Y and Nd in the sintered pellet with 25 wt % neodymia were
uniformly distributed in the big grains of the material and the ratio of the composition
of Y , Zr and Nd concentration in solid solution corresponded to the values of point No
6-10 in Table 88 b.
A well as the homogeneous distribution of the big grains, minor inhomogeneities in
the sample were shown as small segregated phases in Figure 88 a and b, No's 1-10. Those
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Figure 86: a. SEM photograph of (Zr, Y,Nd)Ox pellet with 10 wt % neodymia, b. with
20 wt % neodymia , c. with 25 wt % neodymia , d. with 35 wt % neodymia, e. with 40
wt % neodymia, f. with 50 wt % neodymia
segregated phases can be easily seen in the Figure 88 a and b, No's 1-5 and were also
assessed by EDX. At the beginning, those segregations, as new secondary phases, were
weakly bound in electron density due to the neodymia content, which was approximately
twice as high as than the Nd content of the grains in Table 88 b, No's 6-10.
These segregations prove that the permissible solubility limit of the simulant neodymia
to be incorporated in the yttria-stabilized zirconia matrix, as a face-centered cubic fluorite
solid solution is less than 25 wt %. A matrix with 25 wt % neodymium oxide can enhance
the mechanical mixture of the face-centered cubic fluorite large grains together with a
small amount of cubic pyrochlore phase formation as segregations.
Where,
EDX No's 1-5 in Figures 88 a and 88 b are reliable values of distributed elemental
concentrations for segregated phases as a small quantity of the cubic pyrochlore phase
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Figure 87: a. SEM photography of (ZrY Nd)Ox pellet with 10 wt % neodymia, b.
EDX lines for distribution of elements in (ZrY Nd)Ox pellet with 10 wt % neodymia
 In  small grains 
EDX             Y (W%)    Zr(W%)    Nd (W%)   
• 1 14.52         37.71          47.76        
• 2 14.28         36.23          48.46        
• 3 15.16         35.57          49.26        
• 4 12.05         36.10          51.84        
• 5 14.95         31.34          53.69        
average 14.19         35.39          50.20    
      
In  big grains 
EDX            Y (W%)     Zr (W%)    Nd (W%)   
• 6 14.78        50.70             32.89       
• 7 17.22        53.35             29.42       
• 8 17.87        52.66             29.46        
• 9 20.02        52.85             27.12       
• 10 17.62        51.49             30.87       
       average 17.50        52.21             29.95       
Figure 88: SEM photograph of (Zr, Y,Nd)Ox pellet with 25 wt % neodymia and EDX
values of Y ,Zr and Nd elements in the grain and segregation of the pellet with 25 wt %
neodymia
and EDX No's 6-10 in Fig 88 b are reliable values for the elemental concentrations in
the big grains for the face-centered cubic fluorite phase.
The homogeneity of elemental distribution and the microstructure changed with an
increasing amount of neodymia content in the sintered pellet with 35 wt % neodymia.
The concentration of Zr, Y and Nd in the grains of the ceramic material were uniformly
distributed. The ratio of the composition of Y and Zr with Nd concentration are repre-
sented as (Zr, Y,Nd)Ox solid solution according to the average values of the big grains in
Figure 90. As well as the homogeneous distribution in the big grains, the homogeneity in
the small grains in the microstructure of the sample can be seen in Figures 89 and 90.
The formation of segregated new secondary phases began at grain boundary junctions
in the microstructure of the ceramic pellets with 25 wt % neodymia content assessed by
EDX method. The size of segregations representing the pyrochlore phase became big-
ger in ceramic pellets with 35 wt % Nd2O3 incorporated in the yttria-stabilized zirconia
matrix. After the occurrence of the pyrochlore phase formation as segregations in the
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 In big Grains 
 
EDX(average)    Y (Wt%)    Zr(Wt%)    Nd (Wt%)   
 
                  15.4         27.9               56.8         
 
 
In glance small grains  
 
EDX              Y (Wt%)     Zr (Wt%)    Nd (Wt%)   
 
•  15.0            40.4              44.6 
•                15.2           40.1              44.7 
•                15.4           27.9              56.8 
    
     average  15.2          36.13             48.7 
Figure 89: SEM photography of (Zr, Y,Nd)Ox pellet with 35 wt % neodymia and EDX
values of Zr, Y and Nd in the grain of two phases in the pellet with 35 wt % neodymia
matrix with 25 wt % neodymium oxide, the formation and size of the pyrochlore phase
became dominant with increasing neodymia contents in the matrix until a perfect py-
rochlore structure was reached. If the microstructure of the pyrochlore phase formation
in the matrix with neodymia > 20 wt % is considered, the microstructural changes for
those pellets would be related to their initial compositions. For example, the ratio of the
elements in ceramic pellet with 35 wt % neodymia (A1.3B2O6 in molar ratio) is closer to
the pyrochlore structure (A2B2O7 in molar ratio) than the ceramic pellets with 25 wt %
neodymia (A0.96B2O5.44 in molar ratio). Therefore, the elemental concentrations changed
in the big grains, although the elemental concentrations in the new phase was approxi-
mately the same in both pellets. It was found that the concentration of zirconium in the
big grains was 52.21 Zr (Wt %) in pellets with 25 wt % neodymia and 27.9 Zr (Wt %)
in the pellet with 35 wt % neodymia, whereas the concentration neodymium in the big
grain was 29.95 Nd (Wt %) in the pellet with 25 wt % neodymia and 50.2 Nd (Wt %)
in the pellets with 35 wt % neodymia by EDX.
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In glance small grains  
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   average  15.2         36.13           48.7 
In  small grains 
EDX             Y(Wt%)    Zr(Wt%)    Nd(Wt%)   
• 1 14.52         37.71          47.76        
• 2 14.28         36.23          48.46        
• 3 15.16         35.57          49.26        
• 4 12.05         36.10          51.84        
• 5 14.95         31.34          53.69        
average 14.19         35.39          50.20    
      
In  big grains 
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• 10 17.62        51.49             30.87       
       average 17.50        52.21             29.95      
  
 
Figure 90: EDX results for Y ,Zr and Nd elements in the big grain and segregation of
the pellet with 25 wt % Nd2O3 and EDX results for Y ,Zr and Nd in the big grain and
segregation of the pellet with 35 wt % Nd2O3
The gradual development of the pyrochlore phase formation can be seen in these
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elemental concentrations for big and segregated grains in both pellets. Finally, in relation
to the increasing amount of neodymia content in matrix, this minor pyrochlore phase
occurred as a major phase in the big grains of the pellet with 40 wt % neodymia. The
Y : Zr : Nd elemental concentration in the big grains of the pellet with 40 wt % neodymia
was 10.5 : 50.6: 38.9 in atomic ratio, corresponding to the elemental atomic ratio of the
pyrochlore phase of Nd2−xYxZr2O7 from the current study. The minor phase formation
in the grains of pellet with 40wt % neodymia was hard to detect due to the detection
limit of SEM .
5.4.3 Characterization of crystallinity
Dislocation or microdeformation and the crystalline size of neodymia ceramic pellets were
calculated from X-ray data using the Hall-Williamson method. The crystalline size of
pellets with 10-50 wt % neodymia was calculated using Scherrer's formula from data
measured with XRD and BET .
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Figure 91: Crystalline size and microdeformation of (ZrY Nd)Ox pellets with differ-
ent neodymia contents after sintering at 1, 600oC calculated using XRD and the Hall-
Williamson method
The crystalline size of the neodymia ceramics increased with the neodymia con-
tent in both pure (ZrY Nda)Ox fluorite phase pellets with neodymia 10-20 wt % and
(Nd2xYxZr2O7) pyrochlore phase combining to a fluorite phase (ZrY Nda)Ox in the ce-
ramic pellets with 30-40 wt % neodymia content. However, the crystalline size of the
pellets with 25 wt % 50 wt % neodymia did not follow this pattern. This was probably
due to the introduction of small inclusions of (Nd2xYxZr2O7) pyrochlore phase combined
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with a fluorite formation in 25 wt % neodymia pellets and Nd2O3 precipitation included
in domain (Nd2xYxZr2O7) pyrochlore phase in the second instance.
The dislocation < ε20 >1/2 existed from the minimum of zero to the maximum of
0.05 after sintering at 1, 600oC. The crystalline size of the ceramic pellet with 10 wt %
neodymia was ∼ 90 nm and ∼ 1.67µm in the ceramic pellets with 40 wt % neodymia
content. The crystalline size in the pellets after sintering at 1, 600oC measured by XRD
was higher than the BET measurement of the crystalline size of the powder calcined at
600oC and milled in acetone using the attrition method due to the formation of sintering
necks in very high temperatures at 1, 600oC inside the pellets. The specific surface area
and, consequently, the particle sizes were independent of the degree of crystallinity.
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Figure 92: Crystalline size investigation of yttria-stabilized zirconia matrix with different
neodymia contents using BET in comparison with the crystalline size assessment for the
pellets using XRD
Crystallographic density was determined from XRD measurements. The ratio of the
average particle and grain volume determined by BET and XRD was used to estimate
the number of grains per particle, N, as a measure of the degree of agglomeration. The
maximum degree of agglomeration in neodymia ceramics was approximately 0.6, whereas
the minimum value lay at 0.008. Although the number of particles occurred randomly in
the mixture of cubic fluorite and pyrochlore, it was found that the degree of agglomera-
tion or number of grains per particle in both fluorite and pyrochlore phases in neodymia
appeared to be approximately equal at N ∼ 0.3, as shown in Figure 93.
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Figure 93: Degree of agglomeration of yttria-stabilized zirconia matrix with different
neodymia contents calculated from the crystalline size assessment, by BET and XRD
5.5 Mechanical properties
The microhardness of pellets with different neodymia contents was determined. For pellets
with a neodymia content of 10-50 wt % prepared from powder calcined at 600oC this value
was not constant. The maximum microhardness was Hv ∼ 13.86 Gpa for the ceramic
pellets with 10 wt % neodymia. This was in agreement with the microhardness range
of yttria-stabilized zirconia ceramics with some ceria content. However, the value of the
micro-hardness decreased in relation to the incremental amount of neodymia content,
contrary to ceramics containing ceria.
Moreover, it was found that the microhardness was independent from the different
structures formation in the ceramics containing neodymia. A constant value for rela-
tive sintered density was more favaourable for microhardness measurements of all pellets
with different neodymia to predict the precise relationship between microhardness and
its structures. The spreading of cracks was also observed in pellets with 10 wt % and 20
wt % neodymia content during microhardness measurements. The results can be seen in
Figures. 94 and 95 taken during microhardness tests on yttria-stabilized zirconia matrix
with different neodymia contents. The cracks began at the corners of indentations and
stopped around the indentation points. The propagation of cracks did not occur. This
effect could have a positive role in nuclear application, since crack propagation may re-
sult in the delocalization of material due to local thermal-tensions related with h helium
reduction from α-decay processes from actinides during disposal or transmutation.
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Figure 94: Photographs from microhardness tests in yttria- stabilized zirconia ceramic
pellets with different neodymia contents related with their indentation crack behaviours in
; a. 10 % Nd2O3 ceramics, b. 20 % Nd2O3 ceramics, c.25 % Nd2O3 ceramics, d. 30 %
Nd2O3 ceramics, e. 40 % Nd2O3 ceramics, f. 50 % Nd2O3 ceramics
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Figure 95: Microhardness of yttria-stabilized zirconia ceramic pellets with different
neodymia contents
5.6 Chemical properties
The MCC-1, ASTM tests were used as static experiments for chemical durability assess-
ments for synthesized ceramic materials in the current study.
Glass vessels were used for the experiments. The volume of the leachants used was 60
ml of either distilled water, granitic water or Mount-terri-water. The ratio of the surface
area of neodymia samples to the volume of the leachant was approximately 2× 10−6m−1
for each test condition. The sample was immersed in the appropriate solvent and argon
atmosphere was pumped into the glass vessels to prevent carbonate formation of carbon
dioxides from the air atmosphere. The temperature used for the test was 90oC in the
oven.
2ml of the leachate of the sample was taken out of the 60ml leachant every week. 2ml
of renewable solvent was added to the sample in the glass vessels to guarantee a constant
solvent of 60 ml and prevent saturated conditions in the leachant. After the 2 ml leachate
was filtered on a minipore filter 45µm , 5 ml of extra-pure HNO3 in 1 M concentration
was put into 1 ml leachate to avoid precipitation before analytical measurement by using
inductively coupled plasma mass spectrometry (ICP −MS). Furthermore, the pH value
of the rest of the filtered leachate was controlled under argon gas atmosphere. The
dissolving concentration of the elements in the ceramics into leachant was measured by
ICP −MS. The detection limit of the analyzer was 10−6µg · L−1.
In the static (MCC-1) test, the use of a normalized mass loss NLi was preferred
over a normalized leaching rate rate DRi because the leaching rate decreases within days
or weeks. A single value for the leach rate DRi is therefore inaccurate. On the other
hand, the leaching rate would be is suitable for expressing the result from the MCC-5
Soxhlet test in the absence of a saturation phenomena in the leachant. Thus, the leaching
resistance was evaluated by measuring the weight loss of the sample, the pH of the leaching
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solutions and the elements released. The normalized leaching rate and normalized mass
loss were calculated using the formula (54) and (55). The detailed information of the
calculation and notification of data points used in all figures are given in the page 67 and
83.
DRi = ∆C∆V/Sfi∆t (54)
where,
DRL -normalized leaching rate
C -concentration of the element in the solvent
v -volume of the leachate
S -surface area of the sample
fi -fraction of the element i in the matrix
t -time(day)
NLi = mi/Sfi (55)
where,
NLi - normalized mass loss
mi - mass of the element i in the solvent
S - surface area of the sample
fi - fraction of the element i in the matrix
5.6.1 Leaching of neodymia pellets in different leaching media
The nature of leaching media has a great influence on the radionuclides released. In this
respect, the comparison between different kinds of leaching fluids, such as distilled water,
synthetic granitic water and Mount-Terri-water, solution, representing the composition of
the disposal site, as presented in Table 2, were used.
The static experiments were performed over one year approximately in glass vessels at
different pH (ultra-pure water pH = 7 − 8, Mount-Terri water pH = 7.6, granitic water
pH = 8.73).
5.6.2 Leaching in ultra-pure water
The kinetic behavior of Y , Zr and Nd contained in the ultra- pure water followed the
simple straight-line equation according to duration. The normalized leaching rates of each
element from all the samples were under the detection limits of ICP −MS for 77 days.
After that, the elution of the elements from all samples appeared to obey linear line law
reasonably well in the linear region from 80 days up to approximately 180 days. This is
shown in Figure 96. The results were taken into account for calculations started after 77
days for the study the " permanent regime" (total duration 404 days).
Leachability of Y , Zr and Nd from the pellets with 10 and 20 wt % Nd2O3 reached
saturations in the UPW over 189 days. The leachability of Y , Zr and Nd from the
pellets with 25 and 30 wt % Nd2O3 becomes saturations in the UPW for 217-224 days.
Leaching Zr element from the pellet with neodymia 40 wt % content becomes saturations
in UPW for 189 days similar to the pellet with 10 wt % Nd2O3 and leaching of Y and
Nd from the pellet with 40 wt % Nd2O3 are saturated during 217-224 days. Leachability
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Figure 96: Leaching behavior of Y SZ matrix with 50 wt % neodymia content in deionized
water at 90oC
of Y and Nd from the pellet with 50 wt % Nd2O3 reach saturation for 161 days and Zr
is in saturation for 133 days. The normalized leaching rate of each element for each pellet
in deionized water is being expressed in Table 22.
Table 22. The elemental normalized leaching rate of matrix with different neodymia
content in deionized water at 90oC
Nd2O3 Normalized leaching Normalized leaching Normalized leaching
in pellets rate Y (molm−2d−1) rate Zr (molm−2d−1) rate Nd (molm−2d−1)
0 wt % Y = 6.93× 10−7 Zr = 4.38× 10−7
10 wt % Y = 1.83× 10−7 Zr = 3.01× 10−6 Nd = 1.96× 10−6
20 wt% Y = 4.14× 10−8 Zr = 2.13× 10−6 Nd = 3.37× 10−7
25 wt % Y = 5.07× 10−8 Zr = 2.43× 10−6 Nd =1.40× 10−7
30 wt % Y= 7.23× 10−8 Zr = 2.63× 10−6 Nd= 1.99× 10−7
40 wt % Y= 1.17× 10−7 Zr = 2.70× 10−6 Nd = 1.07× 10−7
50 wt % Y= 7.73× 10−6 Zr = 3.93× 10−6 Nd = 5.76× 10−5
The time of saturations is slightly different depending on the chemical composition of
ceramics. However, the normalized leaching rate of Zr from all pellets in UPW appeared
almost constant at the same order of magnitude (∼ 2−3×10−6molm−2d−1) independent
of the increasing amount of neodymia content incorporated in the Y SZ matrix. However,
this normalized leaching rate of Zr, incorporated together with the trivalent simulant
neodymia from the ceramics, was one order of magnitude higher than the normalized
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leaching rate of the initial matrix without the simulant.
The predicted maximum effect is an increase in the solubility of zirconia to 10−6M by
using logβ05,C = 42 for the maximum effect [28]. However, by using the best estimation for
the stability constant of Zr(CO3)6−5 (logβ05,C = 39), a much smaller effect was expected
at the low solubility level (less than 10−8M) [28].
Both predictions (see page 43) agree with the solubility results obtained from the
experiments being with synthesized yttria-stabilized cubic zirconia incorporated with
neodymium oxides and cerium oxides as simulated wastes in this work. In the present
study, the different synthetic repository test conditions were (pH ∼ 7− 9).
The normalized leaching rate of Nd in UPW was one order of magnitude lower at
∼ 1 − 3 × 10−7molm−2d−1 for pellets with Nd2O3 content of 20 to 40 wt %, ∼ 2 ×
10−6molm−2d−1 for pellets with 10 wt % Nd2O3 and ∼ 6 × 10−5molm−2d−1 for pellet
with 50 wt % Nd2O3.
The normalized leaching rate of Y was in the order of magnitude of ∼ 1 − 2 ×
10−7molm−2d−1 for pellets with 10 to 40 wt %Nd2O3 content, and∼ 4−7×10−8molm−2d−1
for pellets with 20 to 30 wt % Nd2O3 content.
No Y , Zr and Nd precipitation or secondary phase formation was found in the solvents
after the experiment finished for 404 days. All elements Y , Zr and Nd from the pellets
with different Nd content dissolved incongruently in ultra-pure water. Neither cubic
fluorite nor pyrochlore structure effect was found in the ceramics in this experiment.
Although the amount of Nd2O3 content gradually increased in the matrix, the leach-
ability of Nd is almost constant, especially for 20 - 40 wt % Nd2O3 content.
The leachability of Nd rapidly increased in the pellet with a neodymia content of 50 wt
%. This was due to neodymium precipitation combined with the pyrochlore composition
inside the pellet with 50 wt % Nd2O3 and also probably due to its imperfect relative
density at TDS = 0.75. The normalized leaching rate of Nd from the pellet with 10 wt %
Nd2O3 was higher than for the pellets with 20 wt % Nd2O3 even in the same cubic-fluorite
structure composition due to microstructural imperfections and loosely ionic binding in
the nanoceramics. it was, however, found that Nd and Zr from the pellet with 10 wt %
neodymia content with a cubic fluorite type structure dissolved congruently in ultra-pure
water.
Although the stabilizer amount was controlled at a constant amount of 15 wt %
Y2O3 in the synthesized ceramics, the normalized leaching rate of Y from pellets was not
permanently stable.
The normalized leaching rate 1.83 ×10−7molm−2d−1 of Y from the pellet with 10
wt % Nd2O3 seemed to be higher than for the other pellets with neodymia contents of
20-30 wt % and nearly equal to the normalized leaching rate of Y from the pellet which
congruently dissolved with Nd from its pyrochlore-rich ceramics with an Nd2O3 content
of 40 wt %. The normalized leaching rate of Y from the pellet with 50 wt % neodymia
content seemed to be approximately two orders of magnitude higher than for the other
ceramics with neodymia contents of 20-30 wt %, as mechanical mixtures of fluorite and
pyrochlore. It dissolved congruently together with Zr from its ceramic with 50 wt %
neodymia content.
Generally, the leachable alkali metals, such as Na, K elements, have low metal-oxygen
bond energy (about 15 K cal/mol). In contrast, Zr which forms insoluble oxides has a
higher metal-oxygen (M−O) bond energy. The element with higher (M−O) bond energy
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tends to have a strong covalency. As for these elements which principal concerned with
leaching media and synthesized ceramics, not only interpretation for the leaching kinetic
concerned with structure effect in current study, ion bonds energy and electronegativity
of ion from the mechanical mixture of fluorite and pyrochlore phase in present study is
thus, also of great interest for more exact interpretations for the kinetic dissolution of
synthesized neodymia ceramics.
More detailed additional investigations of ionic distance, such as Zr − Zr distance,
Y − Y distance, Nd−Nd distance, Nd−Zr, Nd− Y , Y −Zr, Zr−O, Nd−O, Y −O
distances in the nanoatomicstructure and diffusion layer, the nature of the grains, precise
grain-grain contact, diffusion between grain and grain boundary width and grain sizes,
are still required for the interpretation of the perfect leaching mechanism and kinetics of
10 wt % Nd pellets in comparison with others.
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Figure 97: Graph of leaching behavior of the matrix with different neodymia contents in
deionized water at 90oC
The pH value was periodically measured during the experiment and it was found that
the loading water of all samples despite different neodymia contents, had a pH value of
7-8 until the experiment was concluded in ultra-pure water after 400 days.
The solubility of monoclinic zirconia in the intermediate pH region was merely extrap-
olated and recommended through calculations based on the available thermodynamic data
by Adair et al [127] and Baes and Mesmer [128]. According to their data, the Zr(OH)−5
complex dominates over all hydroxides species above pH = 6 (Please see in chapter 1.6.2).
Moreover, according to the Eh − pH diagram for parts of the system Zr − O − H
in [29], the Zr released from the cubic zirconia matrix with different Nd2O3 contents at
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a pH of 7-8 could probably exist as Zr(OH)4 with a normalized dissolution rate of (Zr
=10−6M) under an argon gas atmosphere at 90oC. According to the Eh − pH diagram
for part of the system Nd−S−C−O−H in [29], Nd released from the c-zirconia matrix
with different Nd2O3 contents, for the dissolution rate of (Nd = 10−6 − 10−7M) at a pH
of 7-8 could probably exist as Nd2(CO3)2−3 . According to the Eh− pH diagram for part
of the system Y −C −O−H in [29], Y released from the c-zirconia matrix with different
Nd2O3 contents, for the dissolution rates of Y = 10−7 − 10−8M) at a pH of 7-8 could
probably exist as Y 3+ or Y (CO3)2−3 .
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Figure 98: pH graph for Leaching behavior of the matrix with different neodymia content
in deionized water at 90oC
5.6.3 Leaching in Mount-Terri-water
Static leaching experiments were performed for 336 days in the glass vessels with Mount
Terri water at pH = 7.6 under simulated disposal site conditions.
The release of Y and Nd from all samples began on day, of the experiment in the
Mount-Terri water (MTW ). The elution of leachable elements from all samples obeyed
linear line law for the period 1-147 days, as shown in Figure 99 for the pellet with 50 wt
% Nd2O3. The evaluated results take the kinetic behavior of the pellets with an Nd2O3
content of 10 to 40 wt % into account for the first 147 days. For pellet with 50 wt %
Nd2O3,it is account for over the first 84 days in the total experiment duration of 336 days.
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Zr from all pellets was under the detection limit of ICP-MS and was not found in the
leachate during the duration of the experiment. However, Zr did appear as precipitation
in the leachant and on the wall of the vessels at the end of experiment for 336 days.
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Figure 99: Elemental normalized mass loss of the matrix with 50 wt % neodymia content
in Mount-Terri water at 90oC
The normalized leaching rates of Y from the ceramic pellets with 10-40 wt % Nd2O3 in
MTW were of approximately the same order of magnitude, namely 2-3×10−8molm−2d−1.
The normalized leaching rate of Y in MTW from pellets with 50 wt % Nd2O3 content
was one order of magnitude higher at ∼ 2×10−7molm−2d−1 than the normalized leaching
rate of the other compositions.
Table 23. The elemental normalized leaching rate of the matrix with different neodymia
contents in Mount-Terri water at 90oC
Nd2O3 Normalized leaching Normalized leaching Normalized leaching
in pellets rate, Y (molm−2d−1) rate, Zr (molm−2d−1) rate, Nd (molm−2d−1)
10 wt % Y = 2.0× 10−8 Under detection limit of Nd = 2.94× 10−9
ICPMS in the solvent
20 wt% Y = 2.24× 10−8 - Nd = 1.51× 10−8
25 wt % Y = 3.03× 10−8 - Nd = 9.36× 10−10
30 wt % Y = 3.00× 10−8 - Nd = 5.75× 10−9
40 wt % Y = 3.34× 10−8 - Nd = 2.21× 10−9
50 wt % Y = 1.84× 10−7 - Nd = 8.50× 10−6
The normalized leaching rate of Nd was ∼ 1 − 3 × 10−9molm−2d−1 for the pellets
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with Nd2O3 contents of 10 wt %, 25 wt %, 30 wt % 40 wt % and ∼ 1× 10−8molm−2d−1
for the pellets with an Nd2O3 content of 20 wt % and ∼ 1.51× 10−8molm−2d−1 for the
pellets with an Nd2O3 content of 50 wt %. The normalized leaching rate of each element
from the different pellets with different neodymia contents in Mount-Terri water is shown
in Table 23 and Figure 100.
Although the Zr element was not found in the leachant, all pellets with different
neodymia contents dissolved incongruently in Mount Terri water, except the ceramic
pellet with 20 wt % neodymia concentration.
Leachability of neodymia simulant concerned with either cubic fluorite or pyrochlore
structure effect in ceramics was distinctly found in this experiment. Due to an increasing
amount of Nd2O3 content in the matrix, the leachability of Nd increased in the ceramics
with 10-20 wt % Nd2O3 and the fluorite structure.
However, instead of leachability increasing with Nd2O3 content in ceramics, the leach-
ability of Nd was almost constant in ceramics with an Nd2O3 content of 25-40 wt% which
have double phases. It is the effect of pyrochlore structure in additions to fluorite phase
in this region. After that, leachibility of Nd is again increasing in the pellet with an
Nd2O3 content of 50 wt% due to the neodymia precipitation combining together in py-
rochlore phase in this pellet and its very low relative sintered density at (TDS = 0.75).
The normalized leaching rate of Nd from the pellet with 50 wt % neodymia content was
approximately three orders of magnitude higher than for the other ceramics with a mix-
ture of fluorite and pyrochlore and two orders of magnitude higher than for the fluorite
ceramics with 20 wt % Nd2O3.
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Figure 100: Elemental normalized leaching rate of the matrix with different neodymia
contents in Mount-Terri water at 90oC
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The leachability of yttria as a stabilizer from the ceramics, especially for neodymia
content from 10 wt % to 40 wt % was not dependent on the structure or Nd2O3 content in
ceramics, whereas the leaching of Nd varied depending on the structures in the ceramics.
The constant stabilizer amount of 15 wt % Y2O3 in the synthesized ceramics caused
the normalized leaching rate of Y from all pellets to stabilize except those with 50 wt
% neodymia content. The normalized leaching rate of Y from all pellets was always one
order of magnitude higher than the normalized leaching rate of Nd from each composition,
except for the pellet with 20 and 50 wt% neodymia content in this leaching media.
Furthermore, it was again found in this experiment that all Y , Zr and Nd elements
from all ceramic pellets with different neodymia contents precipitated in the Mount Terri
water after the experimental time of 336 days. The precipitation of Zr from the pellets
with a fluorite phase and 10-20 wt % Nd2O3 content are higher than for the precipitation
of Zr from the pellets with a pyrochlore phase in addition to a fluorite phase and 30-40
wt % Nd2O3 content. Moreover, the smallest value of the precipitation of Zr occurred
in the ceramic pellet with 50 wt % Nd2O3 content, as mechanical mixture of neodymia
oxide segregation in addition to the pyrochlore phase. The highest Nd precipitation was
found in this pellet in MTW due to neodymia oxide segregation. The the precipitation
of Nd from the pellets with a fluorite phase of 10-20 wt % Nd content was lower than
the precipitation of Nd from the pellets with a pyrochlore phase in addition to a fluorite
phase of 30-40 wt % Nd2O3 content.
According to the dissolution rate and precipitation of these ceramics in MTW , the
conclusion can be made that the dissolution rate of Nd is higher for the fluorite phase
than for the pyrochlore phase and Nd precipitation was higher for the pyrochlore phase
than for the fluorite phase. Moreover, precipitation of Zr in the pellets with a fluorite
phase was higher than for the precipitation of Zr in the pellets with a pyrochlore phase
in addition to a fluorite phase. The dissolution rate and the precipitation of Y remained
almost constant in most pellets, except in the pellet with 50 wt % Nd2O3 content.
Although Y , Zr and Nd precipitations were found in the leachant with all neodymia
ceramic pellets, Y and Nd elements from the fluorite phase of the ceramic pellet with
20 wt % neodymia dissolved congruently in the Mount-Terri water and had a normal-
ized leaching rate for Y of 2.24 ×10−8molm−2d−1 and for Nd of 1.51 ×10−8molm−2d−1.
The ceramic pellets with different neodymia contents sintered at 1, 600oC had zero to
0.05 microdeformation < ε20 >
1/2 after the leaching experiment in MTW for the exper-
imental time of 336 days.
The pH value was measured periodically during the experiment and it was found that
the solvent water of all samples with different neodymia content had the pH value of 6-7
until the end of experiment in Mount-Terri water, as shown in Figure 101.
According to the Eh − pH diagram for parts of the system Zr − O − H in [29], the
Zr species released from yttria-stabilized zirconia matrix with different Nd2O3 contents
in MTW leachant at pH 7, after the experimental time of 336 days, could probably exist
as Zr(OH)4 precipitation under an argon gas atmosphere at a temperature of 90oC, in
comparison to the solubility of monoclinic zirconia in the intermediate pH region which
dominates as Zr(OH)−5 complex over all hydroxide species at the above pH of 6. It
was estimated from the species calculations based on the available thermodynamic data
by Adair et al [127] and Baes and Mesmer [128]. On the other hand, according to the
Eh− pH diagram for parts of the system Nd− S − C −O −H in [29], the Nd released
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Figure 101: pH graph for the leaching behavior of the matrix with different neodymia
contents in Mount-Teri-water at 90oC
from the c-zirconia matrix with different Nd2O3 contents, for a dissolved species of Nd =
10−6M − 10−8M in Mount-Terri water (MTW ) at pH of 6-7 can probably exist as Nd3+.
According to the Eh − pH diagram for part of the system Y − C − O − H in [29], Y
released from the c-zirconia matrix with different Nd2O3 content, for dissolved species of
Y =10−6M in MTW at pH 6-7 can also exist as Y 3+.
5.6.4 Leaching in granitic water
The static leaching experiments in glass vessels with granitic water at pH = 8.73 at 90oC
under an argon atmosphere were performed for approximately 336 days to investigate the
chemical durability of synthesized pellets with different neodymia oxide contents (10, 20,
25, 30, 40, 50 wt %).
The kinetic behavior of Y , Zr and Nd in the synthesized pellets with 10-50 wt %
neodymia in the matrix in granitic water did not follow linear line law during the experi-
mental time duration as it did in the other experiments as in UPW and MTW .
The normalized leaching rate of Nd in granitic water could not be calculated be-
cause chemical reactions occurred between specimens and chemical solvent media after
2-3 weeks. Results measured by ICP −MS are shown in Figures 102 and 103.
Nd precipitation was also found in granitic water. Contrary to the precipitation of
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Figure 102: Concentration and kinetic behaviour of Zr from yttria-stabilized zirconia
ceramics with different neodymia content in granitic water
Zr, the precipitation of Nd from the pellets with fluorite phase and an Nd2O3 content
of 10-20 wt % was lower than the precipitation of Nd from the pellets with pyrochlore
phase in addition to fluorite phase and an Nd2O3 content of 25-40 wt %.
From the precipitation rate of Zr and Nd from all ceramics containing 10-50 wt %
neodymia in granitic water, it can be concluded that Nd precipitation occurred more in
the pyrochlore phase than in the fluorite phase, whereas the precipitation of Y from those
pellets in granitic water remained almost unchanged.
The pH value was periodically measured during the experiment and it was found that
the pH value changed from 8.73 to ∼ 10 over 336 days. During the experiment, it was
found that the leaching media of all samples with different neodymia contents had the
pH value of 9-10 in the granitic water over 336 days as shown in Figure 104.
According to the Eh − pH diagram for parts of the system Zr − O − H in [29], Zr
species released to yttria-stabilized zirconia matrix with different Nd2O3 contents, in the
GW leachant can probably exist as Zr(OH)4 precipitation under an argon gas atmosphere
at a temperature of 90oC.
173
1.0E-15
5.0E-10
1.0E-09
1.5E-09
2.0E-09
2.5E-09
3.0E-09
3.5E-09
4.0E-09
4.5E-09
5.0E-09
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119 126 133 140 147
Time (days)
N
d
 c
o
n
c
e
n
tr
a
ti
o
n
, 
m
o
l/
L
10%Nd 20%Nd 25%Nd
30%Nd 40%Nd 50%Nd
Figure 103: Concentration and kinetic behaviour of Nd from yttria-stabilized zirconia
ceramics with different neodymia content in granitic water
The solubility of monoclinic zirconia in the intermediate pH region, which dominates
as a Zr(OH)−5 complex over all hydroxide species at pH above of 6 through speciation
calculations based on the available thermodynamic data used by Adair et al [127] and
recommended Baes and Mesmer [128] is , 10−11 − 10−9M , and lies in the pH region of
interest for waste disposal pH ∼ 7− 9.
The solubility of c-zirconia ceramics containing different neodymia in granitic water
lies in the same pH region is (10−8− 10−7 M). The solubility of c-zirconia is two or three
orders of magnitude higher than the predicted solubility of m-zirconia. This predicted
solubility of 10−11 − 10−9M is quite similar to the solubility of neodymia released from
the c-zirconia with neodymia.
The Eh − pH diagram for parts of the system Nd − S − C − O − H in [29] Nd
= 10−6 − 10−8M , postulate as Nd(OH)3 at pH 9-12. Thus, Nd released from the c-
zirconia matrix with different Nd2O3 contents, for Nd =10−9 − 10−10M dissolved as
species Nd(OH)3 in GW .
Moreover, according to the Eh− pH diagram for parts of the system Y −C −O−H
in [29], the Y released from the c-zirconia matrix with different Nd content, for dissolved
species of Y = 10−6 − 10−8M can also exist as Y2(CO)2−3 .
174
99.1
9.2
9.3
9.4
9.5
9.6
16 17 18 19 20 21 22
Time (weeks)
p
H
bLANK 
10%Nd
20%Nd
25%Nd
30%Nd
40%Nd
50%Nd
Figure 104: pH graph for Leaching behavior of matrix with different neodymia content in
granitic water at 90oC
Stumm et al [186] described that the weathering of rocks and the formation of soils
depend on the surface reaction at the interface between minerals and water. They pointed
out that the dissolution of a solid occurs in two steps:
• the attachment of the reactants at the surface sites, where they polarize and weaken
the critical metal-oxygen bonds,
• the rate limiting detachment of the surface metal species when the chemical reaction
at the surface are slow in comparison with the diffusion process.
For the experiments in granitic water, the surface reaction of samples probably oc-
curred in the solution and therefore the metal-oxygen bond energy will significantly effect
the leach rate of the metal ions, which are bonded to oxygen. In addition, the covalency
of the chemical bond was considered to be related to the leachability of the material.
Materials which have a strong covalency are quite durable in water, for example, SiC
and graphite. Hence, the leaching rate of Nd in granitic water seems to be determined
according to the M − O bond energy and covalency in the solid solution of detachment
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Figure 105: Normalized mass loss of Zr from the yttria-stabilized zirconia ceramics with
different neodymia contents in granitic water
of surface metal species Nd3+, Zr4+, Y 3+. On the other hand, according to pH media
in the granitic water, insoluble hydroxides or carbonates, such as Zr(OH)4, Nd2(OH)3,
Y2(CO)
2−
3 could be formed because Nd3+, Zr4+, Y 3+ ions in the crystal structure are
hydrolyzed by water. These hydroxides or carbonates retard the dissolution. This may
be the reason that the effect of the crystal structure on leaching rates of each constituent
was not clearly observed in granitic water.
Therefore, the dissolution precipitation creep for the deformation mechanism, correla-
tion of diffusion on grain size and grain boundary, reaction rate control and diffusion rate
control must all be investigated in detail to understand the kinetic behaviour of leach-
ing neodymia ceramics based on the dissolution /precipitation rate in granitic water if
they are to be used for the immobilization of actinides wastes in ceramics for long-term
disposal.
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Figure 106: Normalized mass loss of Nd from the yttria-stabilized zirconia ceramics with
different neodymia contents in granitic water
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5.7 Conclusions for yttria-stabilized zirconia with different neodymia
The yttria-stabilized zirconia with different neodymia contents (up to 50 wt %9 were
synthesized using the co-precipitation method and by advancing synthesized powders at
110oC in an oven for one day along with the additional calcination step at 600oC for 2
hours. The ceramic powder neodymia containing with particle sizes less than or equal
to 6µm was thus achieved after using the mild attrition method. The powders dried at
110oC or calcined at 600oC were milled either in acetone or propanol. Using propanol
milling solvent media in the mild attrition leads to the better physical properties in the
final products than using the acetone milling media for the ceramics containing neodymia.
This stands in contrast to the mild milling media used for producing active fine powders
for the ceramics containing ceria. The agglomerate size distribution of (ZrY Nda)Ox
ceramic powders calcined at 600oC after milling follows a Gaussian distribution given
by granulometry method. The surface area of 1-16 m2/g measured by BET varies with
the nature of the properties of the powder. The structure was measured by XRD and
synchrotron radiation after the sintering stage at high temperature of 1, 600oC for 6 hours.
The phase gradually transform with temperatures in 15 wt % yttria-stabilized c-
zirconia with different neodymia contents. The phase transitions, weight loss relation
to the temperatures for different ceramic powders up to 50 wt % neodymia contents were
investigated by thermo-gravicmetry (TG) and differential scanning calorimetry method
(DSC) using Netzsch STA 449 Jupiter. The characterizations of amorphous to crystalline
solid-solution transitions related with weight loss, based on the elimination of gases and
water and the exothermic and endothermic peaks showed the following results:
• fluorite phase powder with 10-20 wt % neodymia content, as (Zr0.773Y0.147Nd0.079)O1.886
and (Zr0.708Y0.1349Nd0.1565)O1.85427
• fluorite phase mixed with some pyrochlore phase powder with 25 wt % -30 wt % -35
wt % neodymia content as (Zr0.6734Y0.1283Nd0.1983)O1.8337 , (Zr0.6415Y0.1222Nd0.2363)O1.8208
and (Zr0.6067Y0.1156Nd0.2777)O1.8034 powder
• pyrochlore-rich mixed with some fluorite phase powder with 40 wt % neodymia
content as (Zr0.567Y0.108Nd0.3249)O1.7834 powder
• pyrochlore phase powder with 48.3 wt % neodymia content as (Zr0.5014Y0.0955Nd0.4031)O1.7507,
which is similar to Nd2−xYxZr2O7
• pyrochlore phase mixed with monoclinic Neodymia of (Zr0.4774Y0.0904Nd0.4353)O1.7374
powder.
The suitable calcination temperature was ascertained using TG/DSC for each com-
position. It has been also found that phase formation of pyrochlore in the mixture of the
powders was dependant on the homogeneity of the initial properties of the specimen.
After the investigation of the phase transitions with temperature gradients for the
ceramics containing neodymia using DSC, structure formation with temperatures and
structure formation with neodymia content were also measured again using the X-ray
powder diffractometery method and Synchrotron radiation.
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Different structures were found in the same yttria-stabilized zirconia matrix with dif-
ferent neodymia contents as mainly cubic fluorite phases, and cubic pyrochlore. It was
again found that the phase formation with temperatures in two structures had differ-
ent features in cubic pyrochlore than in fluorite phase, within the same yttria-stabilized
zirconia matrix. In fact, the structure formation in the ceramics containing neodymia is
based on the solubility limit of neodymia in synthesized yttria stabilized c-zirconia matrix
powder, at a temperature of 1,600oC.
The solubility limit of trivalent neodymia in the fluorite structure of c-zirconia was
approximately 20 wt %. Beyond the solubility limit of the fluorite structure of c-zirconia,
Zr-rich pyrochlore appeared together with the fluorite structure as a mixture before the
composition of perfect pyrochlore was reached. Finally, pure pyrochlore was formed with
48.3 wt % neodymia in the c-zirconia matrix , which contributed to the high chemical
durability of the final product. The chemical durability tests were performed after the
samples been compacted by isostatic pressures in the 20 kN - 80 kN range and sintering
at 1,600oC for 6 hours. Thereafter, investigations of crystalline and microdeformation
with XRD, microhardness and fracture toughness and microstructure assessment with
SEM/EDX were performed.
The solubility limit of neodymia in the cubic pyrochlore phase in the synthesized c-
zirconia matrix was approximately 48.3 wt %. Neodymia precipitation appeared as a
secondary phase in the ceramics after the solubility limit of Nd2−xYxZr2O7 pyrochlore
phase in c-zirconia matrix was reached. This decreased the chemical durability of the
product of the ceramics containing neodymia, especially those with 50 wt% content. It
was found that the structure formation in yttria-stabilized zirconia incorporated with
neodymia followed Vegards' Law. The lattice parameter of two cubic fluorite phases
proved the validity of the Vegards' law between matrix and simulant waste as a mixture
with a cubic pyrochlore phase and a cubic fluorite phase. The 10.63 ◦A lattice parameter
of the cubic pyrochlore phase was twice that of the lattice parameter of the cubic fluo-
rite phase, which was approximately 5.23 ◦A for yttria-stabilized zirconia incorporating
neodymia. Thus, the principles concerning the lattice parameters in both structures were
crystallographically agreeable.
The crystalline size measured by BET was in the region of 60 nm to 1µm for the
neodymia containing ceramic powder with 10 wt % and 40 wt % neodymia content. The
crystalline size measured by XRD is the region of 90 nm to 1.67 µm for the ceramic
pellets with 10 wt % and 40 wt % neodymia. The crystalline size and surface area of the
powder with fluorite phase and the powder with a pyrochlore phase rich phase in addition
to a fluorite phase, were different in ceramics due to the nature and properties of the
initial powders.
The dislocation < ε20 >1/2 existed from the minimum of zero to the maximum of 0.05 in
ceramic pellets containing neodymia after they were sintered at 1,600oC. The crystalline
size in the pellets after sintering at 1,600oC was higher than the crystalline size of the
powder calcined at 600oC milled in acetone with the attrition method, resulting from
BET measurement.This was due to the formation of sintering necks in the pellets at the
temperature of 1,600oC. The degree of agglomerate formation or number of grains per
particle in neodymia ceramics was however, independent from the fluorite or pyrochlore
structure formation because level of degree of agglomeration N ∼ 0.3 was approximately
the same for both structures.
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Before the sintering stage, the green density of the pellets was increasing linear in
relation to the pressure for both calcination temperatures (110oC and 600oC). The green
densities of pellets made from powders dried at 110oC were 0.38-0.52 TD; the maximum
green densities of pellets made from powders calcined at 600oC were 0.51-0.57 TD respec-
tively. Although the green density of compaction made from powder calcined at 600oC
was higher than the green density of compactions made from powder dried at 110oC, the
sintered density of both powders were reliable with each other after sintering at 1,600oC
for 1-6 hours. The optimal pressure for compaction of powder dried at 110oC was found
to be 20-50 kN for all concentrations, and more precisely, 20-30 kN for 10 wt % Nd2O3
with 0.90 TD, 50 kN for 20 wt % Nd2O3 with 0.82 TD, 20 kN for 25 wt % Nd2O3 with
0.85 TD, 30-40 kN for 30 wt % Nd2O3 with 0.81 TD, >50 kN for 40 wt % Nd2O3 and 50
wt % Nd2O3 with 0.81 TD and 0.65 TD.
The optimal pressure for the compaction of powder calcined at 600oC was found in
the 60-80 kN range: 60-70 kN for 10 wt % Nd2O3 with 0.90 TD, 70 kN for 20 wt %
Nd2O3 with 0.90TD, 60 − 80 kN for 25 wt % Nd2O3 with 0.95 TD, 70-80 kN for 30 wt
% Nd2O3 with 0.86 TD, 60 kN for 40 wt % Nd2O3 with 0.82 TD and 70 kN for 50 wt %
Nd2O3 with 0.65 TD. Although the optimal pressure for powder compaction differ, the
nature of sinterability decreased with an increasing neodymia content in both dried and
calcined powder ceramics compactions after they were sintered at 1,600oC.
By using the repressing method and prolonging the sintering time from 1 hour to
6 hours for powder compaction, the physical properties, like sintering density, cab be
improved in some compositions based on the initial properties of powders. The beneficial
sintered density was: 0.94 TD for 10 wt % Nd2O3, 0.92 TD for 20 wt % Nd2O3, 0.92
TD for 25 wt % Nd2O3, 0.83 TD for 30 wt % Nd2O3, 0.83 TD for 40 wt % Nd2O3 and
0.67 TD for 50 wt % Nd2O3 after repressing using an applied pressure of 60 kN 3 times.
The repressing method was not suitable for the mixture in the powders with 25 wt %
Nd2O3 content or 30 wt % Nd2O3 content. On the other hand, the mechanical property:
microhardness probably increases due to the physical property being improved by the
repressing step. Chemical durability is, however, not directly related with the improved
physical properties of sintered density in synthesized ceramics in the present study.
In the microhardness assessment with the indentation test, the maximum microhard-
ness (Hv 13.86Gpa) was achieved for the ceramic pellet with 10 wt % Nd2O3. Moreover,
it was found that the microhardness was independent from the different structures for-
mation in the ceramics. For the indentation test, the neodymia ceramics with relative
densities of 0.95 TD to 0. 67 TD were used. The relative sintered density decreased with
increasing neodymia content in the matrix. Therefore, a constant value for the relative
density is favourable for the microhardness measurements of pellets with all neodymia
concentrations if the relationship between microhardness and its structures is to be pre-
cisely predicted.
Moreover, according to the obtained homogeneity of Y , Nd, Zr elemental concen-
trations in the neodymia ceramics pellets assessed by SEM , the gradually developing
transformation of Zr-rich pyrochlore to Nd-rich pyrochlore phase can be seen at the
grains in the microstructure of the ceramic pellets with mechanical mixtures of two cubic
fluorites, which is mainly related with its chemical durability.
The chemical durability of the synthesized material was proved to be good under static
experimental conditions with different solvent media, such as ultra-pure water, Mount-
180
Terri water and granitic water under an argon atmosphere. The normalized leaching rate
of each element from each composition was determined using ICP-MS.
Although the constituting elements in the ceramics dissolved incongruently in ultra-
pure water, the chemical durability of Zr in UPW showed that it neither depended on the
chemical composition nor structures formation. The normalized leaching rate was always
constant at 10−6molm−2d−1 for each neodymia ceramic with a neodymia content up to
50 wt %. However, the chemical durability of Zr from the neodymia free-matrix decrease
one order of magnitude in ultra-pure water (UPW ) with according to the incorporating
rate of neodymia into the matrix
In contrast to Zr, the Nd released from the c-zirconia in different solvent media
contributed to the nature of structures.
According to the investigated results from:
• leachability of neodymia in fluorite phase,
• leachability of neodymia in Fluorite phase mixed with less pyrochlore phase,
• leachability of neodymia in rich pyrochlore phase mixed with less fluorite phase,
• leachability of neodymia in pyrochlore phase mixed with hexagonal neodymia in
MTW and UPW .
Instead of the normalized leaching rate of Nd increasing with increasing amount of
neodymia in the ceramics, a constant normalized leaching rate of Nd was found in the
pellets with mixtures of two cubic structures. Due to the starting phase, the formation of
the cubic pyrochlore structure in addition to the cubic fluorite structure in the ceramics
containing neodymia contributed to the high chemical durability of neodymia ceramics.
In some cases, the leachability was dependant not only on the formation of structures
in the ceramics but also on the interatomic binding of ions in the chemical composition of
the specimens. In fact, the normalized leaching rate of Y and Nd in the ceramic in UPW
behaved independently from the composition of the matrix with its different neodymia
content in single cubic fluorite structure. More detailed investigations of ionic bonding
energy, Zr−Zr distance, Y −Y distance, Nd−Nd distance, Nd−Zr, Nd−Y , Y −Zr,
Zr − O, Nd− O, Y − O distance, in the interatomic microstructure, diffusion layer, the
precise nature of grain-grain contact, the diffusion between grain and grain boundary
width and grain sizes in relation with chemical are required to understand the leaching
mechanism and kinetics of Y and Nd from 10-20 wt % Nd2O3 pellet in comparison with
others.
Nd and Y from the pellet with 40 wt % Nd2O3 content in UPW dissolved congruently.
The normalized leaching rates for Y = 1.17 × 10−7molm−2d−1 and for Nd = 1.07 ×
10−7molm−2d−1 from pyrochlore rich phase. The normalized leaching rate of Zr remains
at a constant value for both fluorite and pyrochlore structure in UPW .
On the other hand, it was found that the chemical durability of the Y in Mount Terri
water (MTW ) was independent from the chemical composition and structures forma-
tion. The normalized leaching rate was always constant and in the order of magnitude of
10−8molm−2d−1 for all neodymia ceramics with 0 to 40 wt % neodymia in the matrix.
In addition, although Zr could not be detected by ICP − MS in MTW , Y , Zr and
Nd formed precipitations from all ceramics pellets with different neodymia contents in
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Mount-Terri water after 336 days. According to dissolution rate or precipitation mecha-
nism of Y , Zr and Nd from all ceramics with 10-40 wt % Nd2O3 content, it can concluded
that the dissolution of Nd more occurred in fluorite phase than in pyrochlore phase and
Nd precipitation occurred in the pyrochlore phase than in the fluorite phase, whereas the
dissolution and precipitation of Y was almost constant in those pellets. The pellet with
50 wt % neodymia differed in the dissolution rate and precipitation for Y .
Moreover, the precipitation of Zr from pellets with a fluorite phase was higher than
the precipitation of Zr from pellets with a mixture of the pyrochlore phase and the fluorite
phase. The lowest value for the precipitation of Zr occurred in the ceramic pellet with
50 wt % Nd2O3 content due to a mixture of neodymia oxide segregation in addition to
the pyrochlore phase.
Although Y , Zr and Nd precipitations were found in the leachant for all neodymia
ceramic pellets, Y and Nd elements from the fluorite phase of the ceramic pellet with
20 wt % neodymia dissolved congruently in Mount-Terri water. The normalized leaching
rates were: Y = 2.24 10−8molm−2d−1 and Nd =1.51 10−8molm−2d−1. The (Zr, Y )Ox
pellets with different neodymia contents, sintered at 1,600 oC had zero to 0.05 ε1/20 micro-
deformation after the leaching experiment in MTW for 336 days. The phase transforma-
tion or displacement of atomic layer was not found in the XRD spectra.
It was also found that all Y , Zr and Nd from all ceramic pellets with different
neodymia precipitated in granitic water after 336 days The starting pH value of the
solvent media of 8.73 shifted to pH ∼ 9.2 − 10 at the end of the experiment in granitic
water.
There were two constant values for Zr precipitation in granitic water: one constant
value for Zr precipitation from the ceramic pellets with phase mixtures and another
constant value for Zr precipitation from the ceramic pellets with fluorite pellets in granitic
water. The precipitation of Zr from the pellets with fluorite phase of 10-20 wt % Nd2O3
were higher than the precipitation of Zr from the pellets with 25-50 wt % Nd2O3 content.
Nd precipitation from the pellets was also found in granitic water, in contrast to
precipitation of Zr. Similar behaviour was observed in MTW . The precipitation of
Nd from the pellets with 10-20 wt % Nd2O3 content with a fluorite phase was lower
than the precipitation of Nd from phase mixtures of 25-50 wt % Nd2O3 with both a
pyrochlore phase and a neodymia precipitation in addition to a pyrochlore phase. The
higher precipitation of Nd and Zr from the pellet with 50 wt % neodymia was not found
in granitic water. These precipitations was almost equal to that of other pellets with
phase mixtures, whereas the precipitation of Y from all pellets was almost the same in
granitic water.
From the precipitation of Zr and Nd from all neodymia ceramics with 10-50 wt %
Nd2O3 content in granitic water, it can be that both Nd and Zr precipitations are inde-
pendent from the increasing amount of neodymia in the matrix and only depend on the
occurrence of chemical reactions between the leachant and the elements in the neodymia
ceramics with a mainly fluorite or pyrochlore phase. The inclusions of Nd2O3 in the py-
rochlore phase had disadvantages for the precipitation of both Nd and Zr from the pellet
with 50 wt % neodymia. This precipitation phenomena of Y , Nd and Zr from the pellet
with 50 wt % neodymia in granitic water was completely different from the precipitation
phenomena of these elements in Mount-Terri water leachant.
The effect of the chemical compositions on the leaching rates of Y , Zr and Nd was
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clearly seen in UPW , MTW and GW . Thus, the nature of the leaching media (pH)
evidently contributed to the radionuclide release because the leachability of Y , Zr and Nd
was different at pH = 7 ∼ 8 in ultra pure water, than in Mount-Terri water (pH7.76 ∼ 7)
and in granitic water (pH = 8.73 ∼ 9 − 10). The dissolution rate of Nd in ultra-pure
water was higher than in Mount-Terri water (MTW ). At the same time, the precipitation
creep of Y , Nd and Zr in neodymia containing ceramics are predominant in granitic water
than the in Mount-Terri water (MTW ) whose precipitation creep appeared together with
dissolutions kinetics of each element related with chemical compositions of contributed
structures.
It has been mainly investigated both leaching media effect which can give the cue of
radionuclide released or contributed reactions of synthesized materials in solvents media.
The pyrochlore structure effect which has been observed in current research is mainly
related with chemical durability of final product.
The weathering of the rock and the formation of soils depend on the surface reaction
at the interface between minerals and water. In fact, the dissolution of a solid occurs
in two steps: (1)the attachment of the reactants at the site surface, where they polarize
and weaken the critical metal-oxygen bonds and (2)the rate limiting detachment of the
surface metal species when the chemical reaction on the surface are slow in comparison
with the diffusion process [118].
For experiments in MTW and granitic water (GW ), the surface reaction in samples
can occur in the solution and therefore the metal-oxygen bond energy will significantly
effect the leaching rate of the metal ions which are bonded to oxygen. In addition to
this, the covalency of the chemical bond is assumed to be related to the leachability of
the material. The material which has a strong covalency is quite durable in water, for
example, SiC and graphite.
Moreover, it was expressed that (1) the relationship between the M-O bond energy and
the ionicity of the M-O bond expressed by the difference between the electronegativities
of the metal and oxygen atoms as the difference of electronegativities between metal and
oxygen increases, the covalency decreases (2)the relationship between the leach rates of
the metal ions confined in lanthanum zirconates pyrochlore and the metal-oxygen (M −
O) bond energies, as the leaching rates of constituents tend to decrease with increasing
binding energy for example , Al, Ti and Zr which form insoluble oxides have higher
M − O bond energies which tends to have a stronger covalency in contrast to leachable
alkali metal elements which have a low metal-oxygen bond energy and (3) the coordination
number of oxygen around the metal in parenthesis in [126].
Hence the leaching rate of Nd in MTW and granitic water seems to be determined
according to the M-O bond energy and covalency in the solid solution of the detachment
of surface metal species Nd3+, Zr4+ , Y 3+. More detailed investigations: the dissolution
precipitation creep for the deformation mechanism, the correlation of diffusion on grain
size and grain boundary, the reaction and the diffusion rate, are still needed to under-
stand very well the interpretation of the kinetic behaviour of leaching ceramics containing
neodymia based on the dissolution /precipitation rate in different pH media to be used
for the immobilization of actinides wastes in ceramics for long term disposal
On the other hand, it was found that yttria-stabilized zirconia (Y SZ) is an important
candidate for high-level waste forms. The solubility and kinetics of yttria stabilized cubic
zirconia on its own, as single cubic fluorite phase or as a mixture of a pyrochlore phase in
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addition to a fluorite phase and the leaching rate of cubic-zirconia have proven structurally
and chemically durable for repository conditions.
5.8 Perspectives
From the dissolution rate and precipitation mechanism results for Y , Zr and Nd from all
neodymia ceramics in MTW , the conclusion can be drawn that the dissolution rate of
Nd is higher in the fluorite phase than in the pyrochlore phase and Nd precipitation is
higher in the pyrochlore phase than in the fluorite phase whereas the dissolution rate and
precipitation of Y is almost constant in all pellets except pellet with 50 wt % neodymia.
The precipitation of Zr from pellets with a fluorite phase is higher than the precip-
itation of Zr from the pellets with a mixture of pyrochlore phases and fluorite phases.
Zr did not completely dissolve in MTW . The lowest precipitation value for Zr occurred
in the pyrochlore phase mixed with neodymia oxide in the pellet with 50 wt % Nd2O3
in MTW . The leaching of Zr in pure pyrochlore phase is of great interest for future
advanced research work because the imperfections of crystallinity and pyrochlore phase
is insisted in the mechanical mixtures at synthesized temperature range at 1600oC for
neodymia zirconate pyrochlore.
If manufactured Am3+ (1.09 ◦A) ions were substituted in Nd3+(1.109 ◦A) sites, there
would be no reason for the lattice parameters to decrease in the pyrochlore structure
because the ionic radius of trivalent actinides, such as cation radius of americium Am3+
(1.09◦A), is smaller in 8 coordinate system than the ionic radius of Nd3+(1.109 ◦A).
The inversion of Y and Nd ions in synthesized Nd2−xYxZr2O7 pure pyrochlore would
be expected to play a great role under irradiation by bearing suitable actinides right-match
in Nd2−xYxZr2O7 as well as in other zirconate-rich pyrochlores no sooner to transform
amorphous phase than defect fluorite phase for others nuclear applications and for the
immobilization of trivalent actinides in ceramics for long-term disposal or repository.
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